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ABSTRACT
Located in the SE Indian Ocean at 300 S, Broken Ridge is an oceanic plateau that extends
eastward 1200 km from the southern end of Ninetyeast Ridge. Separated from Kerguelen
Plateau by lithospheric extension and subsequent seafloor spreading (at 42 Ma), the origin
of the combined Broken Ridge - Kerguelen Plateau has been suggested to be related to
early magmatism of the Kerguelen Hotspot. Naturaliste Plateau lies to the east of Broken
Ridge, abutting the continental margin of southwest Australia.
All of the Broken Ridge and Naturaliste Plateau dredge samples studied, as well as glass
shards retrieved from sediments (dating from about 37 to 60 Ma) overlying the Broken
Ridge at Site 752R, ODP Leg 121, are tholeiitic basalts. Potassium-argon dating yields
isochron ages of 88 Ma for Eastern Broken Ridge, and of 83 to 63 Ma for Central Broken
Ridge. These basalts contain significantly higher incompatible element contents than
depleted MORB. Chondrite-normalized La/Yb ratios for Central Broken Ridge dredge
samples range from 2.1 to 3.1, whereas samples from Eastern Broken Ridge have higher
La content and (La/Yb)N, ranging from 1.8 to 4.7. Rare earth element abundances and
patterns for Broken Ridge glasses, which encompass those of Central Broken Ridge, range
in (La/Yb)N from 1.3 to 3.3. Naturaliste Plateau basalt rare earth element patterns are
relatively flat, with (La/Yb)N ranging from 0.7 to 1.0. Zr/Nb ratios for Broken Ridge
range from 9 to 19, which contrasts with the Zr/Nb range of 35 to 56 for typically depleted
Indian Ocean MORB (Price et al., 1986).
Age-corrected Nd-Sr isotopic results for Central Broken Ridge and Naturaliste Plateau
dredge basalts (ENd(t) = +4.7 to -2.7; (87 Sr/8 6 Sr)t = 0.70391 to 0.70589) are in the range
of Kerguelen Plateau lavas, consistent with a common origin for these features (t = 89 Ma
for most Broken Ridge basalts, 120 Ma for Naturaliste Plateau). The (8 7 Sr/8 6 Sr)t for
Eastern Broken Ridge, however, extends to a high of 0.70730. The younger (63 Ma),
higher MgO, lower (La/Yb)N Central Broken Ridge basalt (sample 10D2) defines the lower
87 Sr/86 Sr, higher 14 3 Nd/ 144 Nd portion of this field. 2 0 6pb/2 0 4 Pb for Broken Ridge
ranges from 17.98 to 18.47, with 2 0 7 pb/2 0 4 pb and 2 0 8pb/2 0 4 pb greater, at a lower
2 0 6 pb/2 0 4 pb, than that of Kerguelen Island basalts. The Broken Ridge/Naturaliste Plateau
basalts do not, however, attain the higher 2 0 6pb/2 0 4 pb (to 19.11) of some Ninetyeast
Ridge basalts. Aside from Naturaliste Plateau basalts, which plot with the lower range of
Indian Ocean MORB in 2 0 8pb/2 04 pb - 2 0 6 pb/20 4 pb space, all of these eastern Indian
Ocean basalts have higher 20 8 Pb/2 0 4 pb and 2 0 7 pb/2 0 4 pb at a given 2 0 6 pb/2 0 4 Pb, higher
87 Sr/8 6 Sr, and lower 14 3 Nd/14 4 Nd than depleted Indian Ocean MORB.
These incompatible-element enriched tholeiitic basalts from Broken Ridge and Naturaliste
Plateau are, along with similarly enriched Kerguelen Plateau tholeiites, unlike depleted
Indian Ocean MORB. In contrast to the youngest Kerguelen Island basalts, none of the
Broken Ridge/Naturaliste Plateau samples are alkalic. Although Broken Ridge basalts lie
between the Kerguelen Island and Indian Ocean MORB fields in plots of highly
incompatible trace element ratios, simple mixing between these proposed source-region
endmembers is not sufficent to explain the geochemistry of these samples. In addition to
the isotopic constraints imposed, the relatively high Th/Ta and La/Ta in the Broken Ridge
basalts, not seen in Kerguelen Island or Ninetyeast Ridge basalts, requires the presence of
enriched components (= sediments?) in the source-region. In contrast to Broken Ridge and
Kerguelen Plateau, lavas from Naturaliste Plateau share many geochemical similarities with
depleted Indian Ocean MORB
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INTRODUCTION
Located in the SE Indian Ocean at 300 S, Broken Ridge is an oceanic plateau that
extends eastward from the southern end of Ninetyeast Ridge for 1200 km towards
Naturaliste Plateau, an oceanic plateau located off the SW tip of Australia. A map plan of
the current SE Indian Ocean geometry is given in figure 1. Separated from Kerguelen
Plateau by lithospheric extension and subsequent seafloor spreading at 42 Ma, the origin of
a combined Broken Ridge - Kerguelen Plateau has been suggested to be related to early
magmatism of the Kerguelen Hotspot. Detailed map views and seismic reflection profiles
for Broken Ridge and Kerguelen Plateau are given in figure 2. Comparison of lava
compositions from the major geologic structures in the SE Indian Ocean (Broken Ridge,
Naturaliste Plateau, Kerguelen Plateau and Ninetyeast ridge) with those from other portions
of the Indian Ocean (Central, Carlsberg, SW and SE ridges, and islands such as St. Paul
and Amsterdam) is of prime interest. Several workers have noted a distinctive Pb-signature
in Indian MORB relative to that found in MORB from the Atlantic and Pacific oceans.
Similarly, there are distinctions in Pb isotopic ratios for OIB from the southern hemisphere
in general (relative to northern hemisphere OIB), and for Indian Ocean OIB in particular
(that is, the DUPAL anomaly). The purpose of this study is to infer the petrogenesis of
Broken Ridge and Naturaliste Plateau lavas, and to place the formation of these features
into the larger picture of SE Indian Ocean floor formation. The geochemical data utilized
include major and trace element abundances and isotopic ratios (Sr, Nd, and Pb).
The plate tectonic evolution of the SE Indian Ocean was studied in detail by Mutter
and Cande (1983), who placed the break-up of Broken Ridge-Kerguelen Plateau at chron
24 (55 Ma). A simplified series of plate tectonic reconstructions for the SE Indian Ocean is
given in figure 3 (Price et al., 1986). More recently, the plate tectonic evolution of the SE
Indian Ocean has been reconstructed by Royer and Sandwell (1989). Reconstructions to
84 Ma are based on magnetic anomalies and current topography as determined by Geosat
altimetry, with additional fitting "by eye" of current continent-ocean boundaries bringing
their reconstructions back 160 Ma. These fits bring the western edges of Broken Ridge
and Kerguelen Plateau into contact at anomaly 13 time (36 Ma), with a full match for the
eastern end of Broken Ridge-Kerguelen Plateau at chron 18 (43 Ma). At chron 20 (46
Ma), with closure of Broken Ridge-Kerguelen Plateau completed, the portion of Ninetyeast
Ridge currently south of the western edge of present-day Broken Ridge is nonexistent.
The Ninetyeast Ridge is hypothesized to have formed prior to the break-up of
Broken Ridge-Kerguelen Plateau, as the Indian Ocean moved northward relative to first the
still-joined Australian-Antarctic plate, and later the spreading center that served to separate
Australia and Antarctica, as well as Broken Ridge and Kerguelen Plateau (see fig. 3). As
the Indian plate moved northward, the hot-spot responsible for the formation of Ninetyeast
Ridge was apparently "fixed" relative to the western end of Broken Ridge. ODP Leg 121
shipboard scientific reports (Peirce and Weissel, 1989) surmised that Broken Ridge glass
fragments, found in sediments ranging in age from 37 to 60 Ma, may have resulted from
deposition of ashfall from the hotspot held responsible for the formation of the Ninetyeast
Ridge. As the Indian plate moved northward, with a hotspot more-or-less fixed under it
relative to the adjacent Australian plate, prevailing winds could have deposited such ashfall
on the already-formed Broken Ridge to the east (figure 4).
Igneous rocks dredged from Broken Ridge and Naturaliste Plateau form the core of
the current study. In anticipation of ODP Leg 121, exploratory dredging of Broken Ridge
led to retrieval of igneous rocks from central and eastern portions of Broken Ridge.
Naturaliste Plateau samples were dredged in 1972 (Coleman et al., 1982). Are the Broken
Ridge dredge samples similar in compositions to the glass shards found in the overlying
sediments? Are there geochemical differences between the basalts of the central and
eastern portions of Broken Ridge and Naturaliste Plateau? These are among the "local"
questions addressed in this study. Enough work has now been completed to enable
interpretation of the petrogenesis of these volcanic rocks, and to develop an understanding
of how the origins of Broken Ridge and Naturaliste Plateau relate to those of nearby
features such as Ninetyeast Ridge, the Kerguelen Archipelago, and Kerguelen Plateau.
PETROGRAPHY
Broken Ridge glass samples:
The return of sedimentary cores from Broken Ridge (ODP Leg 121, Site 752A)
was excellent. Preserved in a visually pristine condition in these cores were glass shards of
evident volcanic origin. These were retrieved from central Broken Ridge, at approximately
the same location as were the Central Broken Ridge dredge samples (dredges 9 and 10)
(see fig. 2a). These greenish-brown glass shards are typically about 100-200 microns in
length. They occur in sediment cores of about 10 m. length each (numbers 13-32 in the
current study; ranging in depth below seafloor 120-300 meters) ranging in age from early
Eocene to middle Paleocene (figure 5). This coring gives rise to the naming system
employed in the current study, in which "BRG 14," for example, denote grains from core
14. "BRG 14E" further limits discussion to a single grain within core 14. The extremely
small sample size of the grains limited their analysis to electron and ion microprobe
analysis. In contrast to the variably weathered dredge samples, described below, all
analyzed Broken Ridge glasses are optically fresh , with sums ranging from 96.3 to 100.5
(table 1).
Dredge samples from Central Broken Ridge:
Broken Ridge dredge samples were collected by the R. D. Conrad, Leg 2708, in
1986 (cruise report by D. K. Weissel). The main collection resides at Lamont-Dougherty,
where dredge 10 samples were subdivided into bags A and D, with dredge 8 samples
similarly found in bags B and E. Samples selected for initial analysis by John Mahoney
were designated with an "M." Samples later divided according to variable weathering
patterns were suffixed "a" or "b." Thus sample "M-D10-1" designates sample one from
bag D of dredge 10, selected for Mahoney, while "10D3b" indicates one of two weathering
types (a or b) of sample 3 from bag D, dredge 10.
dredge 9: Dredge 9 was located at 310 24' S, 930 20' E. The three samples
selected by Mahoney (M9-1, M9-2, M9-3) were fragments of a single boulder.
dredge 10: Dredge 10 was located at 310 14' S, 930 42' E. The dominant textural
group in this dredge is characterized by plagioclase and clinopyroxene phenocrysts. This
group includes samples 10A1, 10A2, 10A3, 10A4, 10A5, 10D1, 10D3, all of which
contain large (2 mm) plagioclase laths, occurring both singly and in clots with other
plagioclase phenocrysts of about 1/2 cm. There is normal zoning on some crystal rims
adjacent to the matrix, but not adjacent to neighboring plagioclase crystals. An-content is
estimated at An68-72 in some samples (by optical methods). Clinopyroxene on the order
of 1/2 mm diameter is distributed independently of the plagioclase clusters. Opaques are
more angular and less evenly distributed than in dredge 8 samples (described below).
Iddingsite is clearly present, apparently replacing olivine. Similar red alteration products
line fractures and also appear to be replacing plagioclase in some samples. Sample A3 has
apparently undergone two episodes of alteration.
Sample 10D2, unlike other dredge 10 samples, has smaller plagioclase phenocrysts
and lacks plagioclase clusters.
Dredge samples from Eastern Broken Ridge:
dredge 8: Dredge 8 was located at 320 24' S, 980 20'E. In addition to the sample
selected by Mahoney (M8), there are three textural types present in dredge 8, all of which
are largely phenocryst-free:
1) 8B1 and 8E1 are relatively fresh basalts, with acicular plagioclase to 0.4 mm in
length. Clinopyroxene is rare. Variable amounts of alteration of mafic groundmass to
yellow-to-red iddingsite are noted. Finely disseminated, rounded oxide grains are
ubiquitous.
2) 8B2 and 8B4 are essentially aphanitic, although B4 does have some plagioclase
microphenocrysts and rare clinopyroxene. The mafic groundmass in B2 altered completely
to a red-brown color; that in B4 is altered primarily to grey, except along fractures, where it
is altered to red-brown.
3) 8B3 and 8B9 have plagioclase microphenocrysts (and rare clinopyroxene) in a
grey matrix; the distinguishing aspect of these rocks is their subparallel arrangement of
plagioclase crystals.
Broken Ridge dredge sample alteration patterns:
Alteration is observable both in hand specimens and thin sections. Several samples
have an outer rim of distinctive coloration relative to the inner portion of the rock. In thin
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section, this is seen to be a greater degree of alteration of the outer portion than of the inner
portion, with the color difference being due to the presence of greater or lesser amounts of
iddingsite -- that is, of fresh-to-yellow-to-red, platy mineral replacement of mafic phases.
This is most clearly seen in dredge 10 samples. In dredge 8, there is a similar fresh-to-
yellow-to-red alteration sequence in 8B1 and 8E1. The other dredge 8 samples have a
grey-to-red alteration pattern.
Naturaliste Plateau dredge samples:
Four samples from the Naturaliste Plateau were available for this study. These
samples were dreged from near 320 50'S, 1100 50'E (see map in Coleman, et al., 1982).
In hand specimen, these are rich in plagioclase crystals that range to 5 mm in length,
comprising about 20 modal % of the rock, which otherwise consists of a reddish-brown
matrix. These may correspond texturally to one of the four groups of basalts noted from
this dredge group earlier (Coleman, et al. 1982). ELT 55-12-1 (denoted NP-1 in this
study) was described by Coleman et al. as a "glomerophyric basalt," although it was not
geochemically analyzed in that study. Thin section petrography for these samples, dredged
during the 1972 cruise of the USNS Eltanin (Coleman et al., 1982), was done by Hugh
Davies, who describes each of these as moderately altered olivine-plagioclase-phyric
holocrystalline basalts, with clinopyroxene found in the groundmass only (Davies, pers.
comm.).
GEOCHEMISTRY
Analytical
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Table 1 gives results of a variety of analytical techniques employed to determine the
composition of the Broken Ridge glasses. Major elements were determined by standard
electron microprobe techniques in the lab of T. Grove(M.I.T.). On average, 3-5 points per
grain were analyzed. Microphenocrysts of olivine, plagioclase and clinopyroxene
coexisting with the Broken Ridge glasses were also microprobed (table 2). Major element
covariations for Broken Ridge glasses are given in figures 6. Broken Ridge glass trace
element results, as determined in N. Shimizu's ion microprobe lab at M.I.T., are reported
in table 1. The grains were small enough that only one spot per grain was ion probed.
Also given in table 1 is the trace element analysis analysis of the clinopyroxene from a grain
in core 27. Trace element covariations are plotted in figure 7.
Tables 3 through 6 contain compositional data for the dredge samples from Broken
Ridge and Naturaliste Plateau. X-ray fluorescence of the samples in M. Rhodes' lab at
University of Massachusetts, Amherst, yielded major element and some trace element
abundances. Rare earth element abundances and abundances of other trace elements were
obtained by instrumental neutron activation analysis at the facility under the care of F. Frey
at M.I.T. Isotopic analyses of selected Broken Ridge and Naturaliste Plateau samples, as
determined by J. Mahoney, Univ. Hawaii, are given in table 7 (J. Mahoney, pers. comm.)
Ieneous nomenclature
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In terms of typical igneous nomenclature, employment of either of two commonly
utilized classificatory systems, SiO2 versus either FeO*/MgO (Miyashiro, 1974) or Na20 +
K20 (Macdonald and Katsura, 1964), for Broken Ridge glasses shows that the glasses are
well within the tholeiitic basalt field (figure 6a). Given the mobility of alkalis during sea-
floor alteration, the FeO*/MgO discriminant is especially important. Most of the Central
Broken Ridge and Eastern Broken Ridge dredge samples plot as tholeiites via either
classification scheme. The samples that plot as alkali basalts have evidence of post-
magmatic alteration, as discussed below. Naturaliste Plateau samples are tholeiitic, in both
classification schemes here (figure 6a); however, they tend to higher total alkali contents
relative to Central and Eastern Broken Ridge, with three of the four samples having in
excess of 1 wt% K2 0.
Alteration effects
An obvious question for rocks from a submarine environment is to what degree
alteration has affected their compositions. Only after the effects of alteration are determined
can we turn to the interpretation of magmatic effects on composition. In an attempt to
address this question, separate analyses were performed on differently weathered portions
of three Broken Ridge dredge samples (etrographically, the outer portions of the samples
had a brownish matrix, in contrast to the gray mesotasis of the inner portions). Two of the
three samples so analyzed show significant variation in SiO2 content (> 1 wt.%), as noted,
for example, in figure 6a, where the inner portion of a given sample is denoted "c," and the
outer portion denoted "r." This is accompanied by increased K20. The decrease in SiO2
from inner to outer portions of these samples is also accompanied by an increase in Fe20 3,
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resulting in slight increases in FeO*/MgO. The nature of the alteration in these rocks is that
clinopyroxene is mostly altered to sheet silicates. The outer portions of these rocks have
both lowered SiO2 and greater weathering relative to the inner portions, which is consistent
with the alteration of clinopyroxene, with a 1:1 ratio of silica:other-cation, to alteration
products such as chlorite, for example, which has a 2:3 ratio of these same cations.
Examination of K20/P20 5 and K/Rb ratios (figure 6a) reveals that there has not
been significant post-magmatic alteration of these elements for most of the Broken Ridge
glasses, Central Broken Ridge and Eastern Broken Ridge samples, with the exception of
8B2 (Eastern Broken Ridge) and M-D10-3 (Central Broken Ridge), which have K20/P 20 5
well above the expected ratio of 1-2 for oceanic basalts (as well as distinctly above the rest
of the samples from either locale). These are the same samples whose total alkali content
leads to their being classified as alkaline rather than tholeiitic basalts. All of the Naturaliste
Plateau samples, however, range well above expected K20/P 20 5 values for unaltered
basalts. Turning to the MgO versus K/Rb diagram, we find a fair amount of scatter for
both Eastern Broken Ridge and Naturaliste Plateau samples.
Examination of trace element covariations is also helpful in determining which
elements are mobilized in weathering. For example, La and P20 5 tend to increase
systematically, whereas K20 and Rb do not have systematic trends (fig. 7a). Thus it
seems that K20 and Rb were mobilized in these samples, whereas P20 5 was not as easily
mobilized. By the same reasoning, Sr also shows evidence of post-magmatic alteration.
Evidence of the immobility of La during alteration is seen in its positive correlation with
high field strength elements such as Y, Hf and Zr.
Most trace elements for the separately analyzed portions of the Broken Ridge
samples do not show any significant changes due to differences in weathering. This is
significant, as it is the trace elements that can therefore help us to "see-through" weathering
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effects and thus enable us to reconstruct magmatic history. Note, however, the large
difference in Rb content of the core i= 14 ppm Rb) and rim (= 19 ppm Rb) portions of
sample 10D3 (fig. 7a; samples 10D3a and 10D3b in table 5, respectively). Sample M10D3
is particularly high in K20, Rb and Ba.
Aside from the high La sample (8B4), which has high Na20 and Ba content as
well, Eastern Broken Ridge samples have La content that ranges over relatively constant
K20, Rb and Ba abundances (fig. 7a). As discussed earlier, these elements may have been
mobilized due to alteration. Positive correlations in Eastern Broken Ridge samples of La
with such elements as Sm, Zr, Nb, Hf, Ta, P, and, to a lesser extent, with Ba and Sr,
argues for the immobility here of these elements in post-magmatic alteration events (figu.s
7b, 7c). The clustering of Central Broken Ridge samples at about 10 ppm La makes rules
out discernment of trends.
Magmatic geochemical signatures
Given the excellent stratigraphic control for Broken Ridge glasses, it is possible to
consider both penecontemporaneous and time-transgressive geochemical variations for
these samples. A stratigraphic column for the site from which Broken Ridge glasses used
in this study were obtained is given in figure 5; cores from which glasses were analyzed are
circled. Plots of down-hole geochemical variations, averaging all analyzed glasses for
each 10-m interval, are given in figure 8. MgO abundance, which ranges from 6-7 wt%,
increases to core 16, decreases at core 21, increases again at core 22 and then dcreases
systematically from core 24 to core 27, increasing again in the last core (#32). The
antithetic variation of MgO and TiO2 indicates that Ti is behaving as an "incompatible"
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element (i.e., Ti remains in the liquid in the absence of crystallization of Ti-bearing
phases). By the same token, phosphorus is also an incompatible element, as seen by its
positive covariation with Ti (figure 8).
Major element oxide-oxide plots reveal trends similar to those noted in the depth
versus composition plots discussed above. Oxide-oxide variation diagrams may be used to
distinguish possible magmatic histories for the individual suites of rocks under
consideration here. Figure 6 illustrates oxide-oxide variations for glasses from all horizons
analyzed, as well as for Broken Ridge and Naturaliste Plateau dredges. MgO contents for
Broken Ridge glass ranges from 4-8 wt%. As noted above for TiO2 and P20 5 in Broken
Ridge glasses, K20 and Na2O increase as MgO decreases, indicating their incompatibility
in crystallizing phases (fig. 6b). A120 3 in these glasses, which ranges from 13 to 15 wt%,
shows an rapid initial decrease with decreasing MgO, and then a flattening out (fig. 6c). In
contrast, Central Broken Ridge dredge 10 samples cluster mainly at 16 wt% A120 3,
whereas as those from dredge 9 cluster from 13-14 wt% A12 0 3. At a relatively constant 14
wt% A120 3, it is the Eastern Broken Ridge samples that define the widest range in MgO,
from 6 to 2.5 wt%. The Central Broken Ridge sample lacking plagioclase glomerocrysts
(10D2) has MgO of nearly 8 wt%, with the remaining Central Broken Ridge samples
clustering at about 6-6.5 wt% MgO. Of particular note in MgO-A120 3 space are the high
A120 3 content of the Naturaliste Plateau samples, at around 20 wt% (MgO content ranges
from 4 to 5 wt%). Naturaliste Plateau samples define a trend with positive correlation in
MgO-A12 0 3 space.
CaO for Broken Ridge glasses, ranging from 8 to 13 wt%, systematically decreases
with decreasing MgO (fig. 6c). Central Broken Ridge dredge 10 samples are also relatively
constant in CaO, at about 12 wt% (with the exception of sample M-D10-3, at 8 wt% CaO),
whereas Central Broken Ridge dredge 9 samples range from 9.3-10.3 wt% CaO. Eastern
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Broken Ridge samples trend from 10.4 to 7.5 wt% CaO, with a positive correlation with
MgO content. Naturaliste Plateau samples also trend positively in MgO-CaO space, with
CaO ranging from 8.8 to 10.7 wt%.
Glasses from three Broken Ridge sediment cores were selected for detailed
analytical study. Glasses from core 14 exhibited the greatest range in MgO (from 4.2 to
7.7 wt%), yielding trends similar to those found for the Broken Ridge glasses taken as a
whole, with CaO correlating positively with MgO, and TiO2 and P205 behaving
incompatibly. The other two sets chosen were those from the only two intervals found to
contain microphenocrysts coexisting with the glasses. Results of electron microprobing of
the phenocrysts in these glasses are given in table 2. The clinopyroxene-bearing glasses
from cores 27 and 28 have MgO contents of 6-7 wt%. Glasses from the single sample
containing microphenocrysts of olivine, plagioclase and clinopyroxene (grain 28B) also
behave as expected for removal of silicate phases from a basaltic system. Glasses from
core 27 are quite homogeneous in major element contents (MgO ranges from 6.3 to 6.4
wt%, TiO 2 from 1.90-1.96). Grain 27A contains coexisting glass and clinopyroxene.
Plotting the compositions of Broken Ridge glass minerals in Mg-CaO and Mg-
A120 3 space can help determine which phase(s) were being removed from the melt. For
example, the removal of olivine will drive the resultant melt to increased A120 3 at lower
MgO, whereas the removal of plagioclase has the opposite effect Removal of
clinopyroxene will result in the mutual depletion of both MgO and CaO in residual liquids.
Onset of clinopyroxene crystallization is held responsible for the sharp inflection in the
MgO-CaO trend noted in figure 6c for Hawaiian basalts, for example (BVSP, 1981;
Rhodes, unpublished Kilauea data). The positive correlation in this space for Broken
Ridge samples thus argues for clinopyroxene removal.
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Idealized crystallization of pure anorthitic plagioclase will remove CaO/A120 3 in a
ratio of 1:1, yielding no resultant change in this ratio in the remaining liquid. The
plagioclase crystals found in BRG 28 are not pure anorthite, however, containing 3.4 to 4
wt% sodium. The CaO/A1203 ratio of this plagioclase (= 0.44) is such that removal of
plagioclase will cause the CaO/A1203 ratio in residual liquids to increase. At the same time,
plagioclase segregation causes enrichment in MgO, as plagioclase does not incorporate Mg
into its structure, so that a slight positive correlation between MgO and CaO/A120 3 is
expected for liquids formed by plagioclase removal. The effect of clinopyroxene -removal
on CaO/A120 3 is even more dramatic, with a much greater removal of Ca into
clinopyroxene than of Al, so that a decided decline in CaO/A120 3 is expected on
clinopyroxene crystallization. MgO in the residual liquid will decrease on clinopyroxene -
removal as well, so that the combined effect is a strongly positive correlation in MgO-
CaO/A12 0 3 space (fig. 6d). Shown also are trends for Hawaiian basalts in MgO-
CaO/A1203 space.
Examination of CaO/A120 3-MgO space reveals simple clustering for the Central
Broken Ridge samples, and a positive correlation for those from Eastern Broken Ridge.
As with the Broken Ridge glasses, the Eastern broken Ridge trend is compatible with the
cocrystallization of plagioclase and clinopyroxene. The presence of occasional
clinopyroxene and plagioclase phenocrysts +/- plagioclase glomerocrysts in Broken Ridge
dredge samples lends textural support to the clinopyroxene-plagioclase crystallization
argument.
Other geochemical evidence for plagioclase removal in Broken Ridge dredge
samples may be noted in the inverse relationship between CaO/A120 3 and Sr, since removal
of plagioclase, which will incorporate Sr into its structure, will leave the residual melt
depleted in Sr. Central Broken Ridge shows a negative trend in this space (figure 6d).
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Given the high occurrence of plagioclase glomerocryts and the lack of a correlation in
CaO/A120 3 - MgO space for dredge 10 rocks, it may be that the negative CaO/A120 3 - Sr
correlation is due more to variations in plagioclase content of the samples than to
plagioclase segregation from the liquid. Eastern Broken Ridge samples, which define a
magmatic trend in CaO/A120 3 - MgO space, also display a broadly negative trend in
CaO/A120 3 - Sr space. A trend much like that seen for Eastern Broken Ridge in MgO-
CaO/A120 3 space is also noted for Naturaliste Plateau, although at a significantly lower
CaO/A12 0 3 ratio for a given MgO. Unlike the trend discerned for Eastern Broken Ridge,
the lack of a negative slope in Sr - CaO/A1203 space argues against plagioclase removal
from the melt
Transition element abundances, plotted versus MgO in figure 6e, may also be used
to decipher crystallization histories. Central Broken Ridge shows no trend in MgO-Sc
space, although Eastern Broken Ridge does shows a decline in Sc with declining MgO.
This would be compatible with clinopyroxene crystallization, as Sc is compatible in the
clinopyroxene structure. Examination of MgO versus Sc for Naturaliste Plateau, however,
reveals a trend at odds with that noted for Eastern Broken Ridge, with Sc increasing as
MgO decreases. The low Sc content and low CaO/A1203 ratio for these four samples may
reflect either removal of clinopyroxene at an earlier stage in the evolution of these rocks,
while the positive Sc-MgO trend may reflect the accumulation of plagioclase.
TiO2 in both Central Broken Ridge and Eastern Broken Ridge basalts tends to
increase as MgO decreases, as would be expected for crystallization of phases low in TiO2
content (fig. 6b). However, the Ti and V trends, which peak at intermediate MgO content
in Eastern Broken Ridge basalts, are consistent with oxide mineral segregation from these
samples (fig. 6f). Central Broken Ridge samples range from about 70 ppm Cr for dredge 9
samples to almost 300 ppm for dredge 10 samples. In contrast, Eastern Broken Ridge has
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very low Cr abundances (to 21 ppm). The latter does, however, show a systematic decline
with decreasing MgO, as do the Broken Ridge glasses. Transition element abundances for
Naturaliste Plateau tend to a general increase with decreasing MgO, consistent with
plagioclase accumulation for these samples.
All three dredge suites under consideration (Eastern Broken Ridge, Central Broken
Ridge, and Naturaliste Plateau) tend to increase in La with decreasing MgO, as expected for
incompatible elements, although Naturaliste Plateau samples have significantly lower La
abundances than the Broken Ridge suites, thus defining a distinctly different trend (fig. 6f).
Yttrium also increases grossly with decreasing MgO for Broken Ridge dredge samples.
Taken as a whole, the Broken Ridge samples display a broadly negative correlation in MgO
versus (La/Yb)N space, with Naturaliste Plateau again showing a similar trend, though in a
distinctively different portion of this space (fig. 6g). In detail, however, only the Broken
Ridge glasses show the type of trend one would expect for samples sharing a common
magmatic origin. Here too there are complications, in that the lowest MgO sample is not
the one with the highest (La/Yb)N ratio, thus implying magma batches with different
starting compositions.
The results of the ion probe trace element analyses for Broken Ridge glass grains
from core 14 and 27, given in table 1, are also illustrated in figure 6. Although the lowest
MgO glass does not have the highest La content, on the whole La and Y behave
incompatibly, with both tending to increase with decreasing MgO (fig. 6f). Again
excepting the lowest MgO grain, Cr decreases with decreasing MgO (fig. 6e). V decreases
with MgO as well, except for the two lowest MgO samples. Two facts are apparent in the
data. One is that they are, in general, consistent with fractional crystallization and removal
of basaltic phases such as olivine, clinopyroxene and plagioclase from the glasses. The
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other is that it is not possible to easily relate these glasses to a single parent magma. That
is, more than one parental melt is required for generation of these glasses.
Broken Ridge glass trace element variations with La are illustrated in figure 7.
P20 5 and K20 show grossly positive correlations with La, as do Sm and Nb. Plots of La
versus Sm, Th,Ta, Hf, Y Zr, Nb, and P205 are all grossly positive in slope, indicating
similar immobility of these elements in alteration events, as opposed to the poor La - K, Rb
correlations.
Rare Earth Element Patterns
Rare earth element patterns for Broken Ridge glasses are shown in figure 9a. Two
of the grains from core 14 are light rare earth element-enriched, whereas three have
relatively flat patterns. Grain 14F, with MgO of 7.5 wt%, has the lowest (La/Yb)N
(= 1.3), with abundances at ten times that of C1 chondrites (Anders and Grevesse, 1989).
Two other grains with flat rare earth element patterns show slight positive Eu anomalies.
The two lower-MgO grains have higher light rare earth element abundances: Glass 14E, at
5.7 wt% MgO, has (La/Yb)N of 3.3, and glass 14A, at 4.22 wt% MgO, has (La/Yb)N
2.8. As noted above for trace element covariations with MgO, the overall increase in
(La/Yb)N with decreasing MgO is as expected for low-pressure crystallization of basaltic
phases from these glasses, although the fact that the lowest MgO glass does not have the
greatest LREE - enrichment argues against a single parental magma for these glasses.
The olivine, plagioclase, and clinopyroxene microphenocrysts analyzed by electron
microscopy in BRG 28 were too small (= 10 microns diameter) to be successfully
analyzed by the ion probe, but the clinopyroxene in grain B of core 27 was of a sufficient
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size for ion probing. Unfortunately, the coexisting glass in this grain was too small to
similarly analyze, so glass 27A, of similar major element composition to the glass in grain
27B, was analyzed instead. Rare earth element results for this "pair" are given in figure 9a.
(La/Yb)N for the glass = 1.6. The clinopyroxene grain has a characteristic light rare earth
element-depleted signature, with an inferred DLaCpx/Liq partition coefficient of 0.06.
Rare earth element patterns reveal a light rare earth element-enriched pattern for the
Central Broken Ridge samples from both dredges 9 and 10, with (La/Yb)N for all but one
of the dredge 10 samples ranging from 2.7 to 3.1 (fig. 9b). The high-MgO Central Broken
Ridge sample 10D2, has a slightly lower (La/Yb)N of 2.1. Dredge 9 samples also have
slightly lower LREE/HREE abundances than the main group of dredge 10 samples, with
La/Yb)N of 2.2 to 2.3. Samples from both of these sites are spanned in rare earth element
content by the Broken Ridge glasses. (Note the extremely close match of the inner ("a")
and outer ("b") portions of variably weathered sample 10D3.)
Eastern Broken Ridge samples are similarly enriched in light rare earth elements.
Some dredge 8 samples are distinctly enriched in LREE, with (La/Yb)N of 4.6 to 4.7.
These samples also show slight positive Eu anomalies. Note the parallel REE pattern, but
consistently higher rare earth element abundances, of 8B4 relative to the other two high
(La/Yb)N EBR samples. Although it exhibits a La - Eu pattern similar to the other Eastern
Broken Ridge samples, there is a distinct flattening of middle to heavy rare earth element
portion of the rare earth element pattern for sample 8E1, resulting in an average (La/Yb)N
of 1.8 for this sample. (Here too note the similarity of the differently altered portions of a
single sample, plotted as 8Ela and 8elb.)
In sharp contrast with Broken Ridge dredge samples, Naturaliste Plateau samples
are not LREE-enriched, having (La/Yb)N of 0.7 to 1.0. These samples display a slight
enrichment in middle rare earth elements, with a positive Eu anomaly. Although these fall
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below the BR dredge samples in terms of REE content, the REE content of the NP samples
with the highest REE-content approaches that of the Broken Ridge glasses with the lowest
REE-content.
Isotope Results
Isotopic ratios of Sr, Nd and Pb were obtained for six samples from Broken Ridge
and three from Naturaliste Plateau (pers. comm., John Mahoney, Univ. Hawaii). Two
samples from dredge 8 (Eastern Broken Ridge), one from dredge 9 (Central Broken
Ridge), and three from dredge 10 (Central Broken Ridge) were analyzed. Results are
included in table 7, and plotted in figure 10. Age-corrected Nd-Sr isotopic results for
Central Broken Ridge (corrected to 89 Ma) and Naturaliste Plateau (corrected to 120 Ma)
dredge basalts range from ENd(t) of +4.7 to -2.7 and (87 Sr/8 6 Sr)T of 0.70391 to 0.70589.
Central Broken Ridge sample 10D2, which has higher MgO and lower (LaYb)N than other
dredge 10 samples, plots to the highest 14 3 Nd/ 14 4 Nd (= 0.51260) and lowest 87 Sr/8 6 Sr
(= 0.70451) of the Central Broken Ridge samples. This is the sample that is dated at 63
Ma, in contrast to the 83-88 Ma K-Ar age determinations for other Central and eastern
Broken Ridge basalts (Duncan, 1991).
The dredge 9 sample plots to lower 14 3Nd/ 14 4 Nd and higher 87 Sr/8 6 Sr than
10D2, but to higher 14 3 Nd/ 144 Nd and lower 87 Sr/86 Sr than do the other dredge 10
samples, which plot at a 14 3Nd/ 14 4 Nd similar to that of the Eastern Broken Ridge
samples. (87 Sr/8 6 Sr)t for Eastern Broken Ridge, with an ENd(t) of about -2.5 (similar to
that of two of the Central Broken Ridge dredge 10 samples), extends to a high (8 7 Sr/86 Sr)t
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of 0.70730. Nd-Sr results for Naturaliste Plateau basalts plot at the same high
14 3 Nd/ 144 Nd and low 8 7 Sr/86 Sr as sample 10D2 from Central Broken Ridge.
2 0 6 pb/2 0 4 pb for Broken Ridge basalts ranges from 17.98 to 18.47, with
2 0 7 pb/2 0 4 pb ranging from 15.498 to 15.625, and 2 0 8 pb/2 0 4 pb from 38.398 to 39.273.
The Naturaliste Plateau samples are in a decidedly different isotopic space than Broken
Ridge samples, with lower 2 0 8 pb/2 0 4 pb and 2 0 6 pb/2 0 4 pb, and similar 2 0 7 pb/2 0 4 pb.
Although good U, Th and Pb determinations were lacking for these samples, age
corrections for Pb-isotopes were made assuming E-MORB U/Th and Th/Pb ratios (Sun
and McDonough, 1989), such a ratio being justified for the Broken Ridge samples, at least,
by the enriched nature of these basalts. The resultant shift to lower 2 0 6 pb/2 0 4pb,
2 0 7pb/2 0 4 pb and 2 0 8pb/20 4 Pb is indicated for representative samples of Broken Ridge
and Naturaliste Plateau by an arrow on each of the Pb - Pb diagrams. Although it is not
clear that this is the right set of U/Th and Th/Pb ratios to employ with regard to the
Naturaliste Plateau samples, the uncorrected data nonetheless plot to lower 2 0 8 pb/204pb
and 2 0 6pb/2 0 4 pb than do any of the uncorrected data for the Broken Ridge samples.
DISCUSSION
There are three main observations to be addressed in this section with regard to
"big - pictutre" considerations. One is the tholeiitic nature of these basalts, which, in the
case of Central Broken Ridge, span an age range of more than 50 Ma. Another is the
LREE-enriched nature of basalts from all three Broken Ridge suites (relative to MORB),
and the lack of LREE-enrichment in Naturaliste Plateau basalts. Finally, Broken Ridge
samples plot to the extremes of, and in some cases extend, the Kerguelen field in isotopic
24
and trace element ratio spaces, whereas the Naturaliste Plateau samples, which plot in Sr-
Nd isotopic space similar to one Broken Ridge sample, plot in decidedly different Pb - Pb
space. Petrogenetic implications of each of these facts will be dealt with in this section.
Tholeiitic nature of the basalts
Examination of major elements in terms of end-member components of the "basalt
tetrahedron" reveals that the Broken Ridge glasses follow the 1-atm. clinopyroxene -
olivine cotectic of Walker et al. (1979) (figure 11). Shown for comparison are fields for
typical MORB (FAMOUS), Hawaiian tholeiite, and Hawaiian alkaline basalts. Recalling
that one Broken Ridge glass (#28) was saturated with four phases (olivine - plagioclase -
clinopyroxene plus liquid), it is not surprising that the glass compositions plot along the
low-pressure cotectic.
Electron microprobe analysis of the crystalline phases coexisting with glass 28B
(6.2 wt% MgO) reveals average Kd's for Mg - Fe exchange (XxlFeO/XXlMgo)*
(XglassMgo/XglassFeO) between glass and olivine of 0.28, and between clinopyroxene and
liquid of 0.22. The exchange distribution coefficient for Ca - Na exchange
(XX1Na20/Xlcao)*(XglassCaolXglassNa 2 0) in plagioclase is 1.27. These distribution
coefficients compare favorably with those of Tormey et al. (1987), who report equilibrium
Kd's of 0.29, 0.23 and 1.2, respectively, for these phases in an experimental study of N-
MORB from the Kane fracture zone. Thus based on major element compositions, Broken
Ridge glasses clearly fall within the realm of typical ocean floor tholeiites.
Based largely on the major and trace element considerations discussed previously,
the dredge basalts may be divided into different petrogenetic groupings. The consistent
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clustering of most of Central Broken Ridge dredge 10 samples in compositional space
indicates a common origin for these rocks, perhaps as samples of a single liquid at a given
point in its evolution. Dredge 9 samples, in general, share common compositional space
with dredge 10 samples, implying the similarity of petrogenetic processes for both of these
sites. Only sample 10D2, which has higher MgO, lower REE abundances and lower
(La/Yb)N than the other dredge 10 samples, is different enough to consider it a sample of a
basaltic liquid at an earlier stage of its evolution. That this sample, which is also
isotopically different from other Central Broken Ridge samples, has a K-Ar age some 20
Ma younger than other Broken Ridge basalts has lead Duncan (1991) to propose that it may
represent basaltic activity at the time of rifting of Broken Ridge and Kerguelen Plateau, as
opposed to the older Broken Ridge samples, surmised to have formed on the earlier
creation of the combined Broken Ridge/Kerguelen Plateau.
As with the Broken Ridge glasses, in the Eastern Broken Ridge samples we find
good evidence of a typical basaltic magmatic trend, in which each sample may be related to
a common parent liquid by variable removal of both plagioclase and clinopyroxene.
Naturaliste Plateau samples share the same high A120 3 (about 20 wt%) content as
that seen for plagioclase-accumulative basalts from central Ninetyeast Ridge (Leg 121, site
757, Frey et al., 1991) which do not, however, have such depleted REE patterns or
abundances. Evidence for plagioclase accumulation in the NP samples includes their
positive Eu anomalies and relatively high Sr/Nd ratios (29 to 56), even though Sr content is
not high (151 to 187 ppm).
Another item of note is the absence of alkaline basalts from the samples dredged
from Broken Ridge and Naturaliste Plateau. In contrast to trends toward increasing
alkalinity for lower volume, late-stage eruptions in the Hawaiian Islands, Frey et al. (1991)
found no trend to alkaline tendencies in Ninetyeast Ridge samples with decreasing depth of
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sampling. A similar lack of alkaline basalts is noted in the Broken Ridge/Naturaliste
Plateau dredge suites (which lack, however, the excellent stratigraphic control of either
Hawaiian or drilled Ninetyeast Ridge samples). In addition, the younger, sediment-lain
Broken Ridge glass ash samples, which do have good stratigraphic control, remain
tholeiitic over a 20 Ma period. This lack of a tholeiitic-to-alkaline trend is also in contrast to
that seen in the Kerguelen Archipelago (e.g. Storey, et al., 1988).
Of further interest at a regional level is the dissimilarity in MgO content between the
older, northernmost site (site 758) drilled on Ninetyeast Ridge, ranging from 8 to 10 wt%
MgO, and the similarly aged Broken Ridge dredge samples, which range to only 8 wt%
MgO. Both features have maximum ages of 89 Ma, and are presumed to have formed from
the same hotspot. Later-formed sites 757 and 756 along Ninetyeast Ridge have MgO
contents similar to those found in Broken Ridge/Naturaliste Plateau.
LREE-enriched nature of the basalts
In addition to phase equilibria evidence noted in the previous subsection for low-
pressure controls on major element compositions of the Broken Ridge glasses, further
indication of a shallow origin for Broken Ridge samples is found in the relatively non-
depleted HREE portion of their rare earth element patterns. Since garnet preferentially
incorporates the HREE into its structure, one would expect to find depletion of HREE in
melts that have undergone separation of garnet. The relatively flat MREE/HREE portions
of the rare earth element patterns for Eastern Broken Ridge, Central Broken Ridge and
Naturaliste Plateau suggests extraction of melts from portions of the mantle above the
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garnet-lherzolite stability field, in contradistinction to the more HREE-depleted patterns
typically found in Hawaiian basalts, for example (e.g. BVSP, 1981).
Also of note is the wide range in rare earth element abundances of Central Broken
Ridge glasses from a single, 10-meter interval of sediment (core 14). These samples,
unlikely to represent a time span of more than a few million years, exhibit a greater range in
rare earth element abundances and (La/Yb)N than the Central Broken Ridge dredge
samples. They do not, however, attain the greater rare earth element abundances and
(La/Yb)N found in some of the Eastern Broken Ridge samples, nor do they reach the lower
abundances and (La/Yb)N of the Naturaliste Plateau samples.
Samples from both central and eastern Broken Ridge have LREE-enrichment.
Although they have similar rare earth element patterns, Central Broken Ridge dredge
samples are lower in rare earth element abundances than are those from Eastern Broken
Ridge. Two possibilities present themselves in explanation. The simpler model would be
one in which the lower MgO, higher incompatible element-containing Eastern Broken
Ridge samples are simply more-evolved basalts, sampling a similar source region.
A more complex model, suggested by the idea that Broken Ridge formed by
movement of the ocean floor over a fixed hotspot, moving from east to west as implied by
most reconstructions of the Kerguelen Hotspot track, is that it would not be unexpected to
find lower rare earth element abundances in liquids tapping the source region of these
basalts over time. Such a model could explain the lower rare earth element abundances in
the Central Broken Ridge basalts, which would have tapped the source region after
formation of Eastern Broken Ridge, relative to those from Eastern Broken Ridge basalts. It
is not possible to extend this argument as far eastward as Naturaliste Plateau, however,
since it has the least-enriched rare earth element pattern of the three sites studied.
28
The regional variability in rare earth element patterns and abundances are made
evident in figure 12. Several observations are notable here. Comparison of Broken Ridge
basalts with Kerguelen Island basalts shows an overlap range in REE abundances,
although the Kerguelen basalts tend to higher (La/Yb)N. The REE patterns and abundances
of samples from Eastern Broken Ridge do overlap those from Kerguelen Plateau dredge
MD48, however, as do some of those from Broken Ridge glass as well. Central Broken
Ridge dredge basalt REE-patterns also parallel those of Kerguelen Plateau dredge REE-
patterns, although at lower total REE abundances. The Broken Ridge glasses range to
lower patterns and abundances than the Eastern Broken Ridge dredge samples, as do the
Ninetyeast Ridge lavas.
Unlike the difference noted above for MgO content between the oldest Ninetyeast
Ridge site and Central Broken Ridge dredge samples of apparently similar age, rare earth
element patterns and abundances for Ninetyeast Ridge Site 758 samples compare favorably
with those of Central Broken Ridge dredge samples, although the latter do not extend to as
great a LREE-enrichment as the former.
Naturaliste Plateau basalt REE signatures are unlike those basalts associated with
Kerguelen hotspot magmatism. Not only are they at lower abundances than any of the
other features proposed to have formed from the same hotspot, but they also are the only
ones that are LREE-depleted in nature. REE abundances for these basalts fall at the lower
limits of those noted for typically depleted Indian Ocean MORB, as illustrated by
comparison with REE determinations for Indian Ocean basalts made by Price et al. (1986),
Dosso et al. (1988) and Michard et al. (1986) (figure 12a).
(La/Yb)N provides a good measure of LREE enrichment (fig. 12b). Relative to
Ninetyeast Ridge, Broken Ridge (La/Yb)N encompasses all of the samples from the
southern and central segments of that feature (leg 121 sites 756,757), whereas those from
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Northern 90E tend to lower (La/Yb)N (fig. 14e). Broken Ridge also spans the range in
(La/Yb)N of the Kerguelen Plateau dredges (MD48-Davies). Samples from Kerguelen
Archipelago are greatly enriched in LREE, as are drill samples from site 748, Kerguelen
Plateau (Salters, 1989). Broken Ridge falls between Indian Ocean Triple Junction basalts
(Price et al., 1986) and Kerguelen Island samples in La - (La/Yb)N compositional space,
whereas Broken Ridge and sites 749 and 747 on the Kerguelen Plateau overlap in
composition, as do those from MD48 and 119 (site 738--Souternmost Kerguelen Plateau).
As noted earlier, Naturaliste Plateau samples range to even lower La abundances than do
the Indian Ocean Triple junction basalts, which share the same low (La/Yb)N values.
Mantle-normalized diagrams and trace element ratio considerations
Diagrams of primitive-mantle normalized trace element abundances along the
ordinate versus atomic number, arranged according to variations in compatibility of given
elements in oceanic basalts, along the abscissa, are presented in figure 13. In addition to
the earlier-noted variations in rare earth element abundances and patterns, additional
complexities are revealed in these "spider-diagrams." Comparison of Broken Ridge
glasses from interval 14 with those from interval 27 reveal the latter to have smoother
patterns, with somewhat lowered Sr. As with the rare earth elements, the scatter found in
the mantle-normalized plots for the glasses from a single 10 meter interval of ash overlying
Central Broken Ridge (BRG 14) exceeds that found for all Central Broken Ridge dredge
samples from either site 9 or 10, excepting the high K, Sr, Ba sample M-D10-3. Within
dredge 10, it is sample 10D2 that, as with the REE, tends to lower abundances of Ba, Th,
Nb, Ta and K than the other samples from this site, which display quite similar patterns.
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In comparison with dredge 9, other dredge 10 samples tend to a slight Th enrichment.
Elsewise, however, the two Central Broken Ridge dredges are quite similar in pattern and
abundance of these elements.
Turning next to consideration of Eastern Broken Ridge, we find, as with rare earth
element abundances noted before, an overall increase in trace element content for these
samples relative to those from Central Broken Ridge. Features of note here are a depletion
in Sr relative to Ce and P, which is consistent with the plagioclase segregation from these
samples. Note too the high Ba of sample 8B4, which, as discussed earlier, is the most-
altered of the dredge 8 samples, with heightened K and P as well. As with the dredge 10
samples from Central Broken Ridge, there is a relative Th peak suggested, with a Nb
depletion in sample El (the sample with flattened MREE/LREE).
As with the rare earth elements, abundances of other trace elements in Naturaliste
Plateau samples are largely depressed relative to Broken Ridge samples. Most striking here
are the clear trough at Nb and the sharp peaks at Ba, K and Sr. The depth of the Nb trough
may be made more dramatic, however, by the fact that Ba and K may have been altered in
these samples. The Sr peak could be indicative of either alteration of or plagioclase
accumulation in these samples.
For further elucidation of geochemical nuances present in these samples, we may
turn to the use of trace element ratio diagrams (figure 14). The rational behind the use of
these ratios varies with the ratio under consideration. For example, the apparent Nb trough
for Naturaliste Plateau (fig. 13) may be better distinguished by examination of Ba/Nb and
Ba/La ratios (fig. 14a). Should the latter be near the expected ratio for unaltered samples
tapping a chondritic source region, then we may have more confidence in the Ba contents
of the samples in question. In this case, we find generally chondritic Ba/La ratios for two
of the three Naturaliste Plateau sample, and for all but one (M-D10-3) of the Broken Ridge
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dredge samples. It may then be argued that the apparent Ba/Nb depletion is "real" for the
Naturaliste Plateau samples, although it should be noted that at the Nb abundances of
Naturaliste Plateau samples (about 1 ppm), we are near the detection limits inherent to
XRF. The increased Ba/Nb of these samples, for which we also have isotopic data, is
significant in understanding the nature of the source regions for these basalts.
Since more of these samples were analyzed for Ce than for La, we may wish to use
Ce content as a proxy for the more-commonly employed La in some of these diagrams.
The similarity in compatibility of these two elements is attested to by the La - Ce plot given
(fig. 14b). Ce/Nb for Naturaliste Plateau and Eastern Broken Ridge is higher than that for
Central Broken Ridge, which again is more chondritic in nature, as are basalts from
Kerguelen Archipelago (Gautier et al., 1991).
Hf/Sm should be constant, at chondritic levels, in unaltered samples (fig. 14c).
This seems to be the case for these samples. Sr/Nd may be employed as a test for the role
of plagioclase, which will preferentially incorporate Sr. Samples from Naturaliste Plateau
are higher in Sr/Nd than the Broken Ridge samples. The slightly less-than-chondritic Ti/Eu
for the Naturaliste Plateau samples, which also have a positive Eu anomaly, may also be
attributable to a preference for Eu over Ti in plagioclase, although this cannot explain the
range in Ti/Eu noted for the various glasses from BRG 14 (fig. 14d). Broken Ridge P/Nd
ratios, which should be indicative of the role of apatite (which will concentrate P), are in
the range of typical E-morbs.
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Trace element and isotopic characteristics of the source region
Various attempts may be made to test whether basalts from Broken
Ridge/Naturaliste Plateau could result from the mixing of endmembers such as normal
MORB and Kerguelen Island (= plume?) sources. Common-denominator trace element
ratios that are not easily fractionated by segregation of expected fractionating phases can be
used to test for whether proposed mixtures plot along mixing curves between proposed
end-members. For example, in fig. 15a, Hf/La versus Sm/La for Broken Ridge/Naturaliste
Plateau are plotted. At the simplest level, one does find Broken Ridge samples plotting
along the line from N-morb to Kerguelen Island (Gautier, et al., 1990) values. If these
basalts formed by mixing of these two components, then the relative location of each basalt
must be the same in all plots. Note that in a plot of similar construction, such as that of
Y/Nb versus Zr/Nb, however, the relative positions of Broken Ridge samples along the
proposed mixing line have changed. That is, in the latter plot, Eastern Broken Ridge
samples that in the former diagram are nearer the plume end-member are now nearer the N-
morb end-member (relative to Central Broken Ridge samples). The same holds for
dredged Kerguelen Plateau samples (MD48/119). Therefore, the data cannot be explained
by a two-component mixing process (such mixing may have occurred, but other processes
must have been ongoing as well).
In both Hf/La-Sm/La and Zr/Nb-Y/Nb space, Naturaliste Plateau basalts plot close
to Indian Ocean MORB (Price, et al., 1986 and Dosso et al., 1988). Note, however, the
possible problem with the accuracy of Nb data at the near- 1 ppm level found in the
Naturaliste Plateau rocks. In the latter case both Naturaliste Plateau basalts and Indian
ocean MORB range to greater values of Y/Nb and Zr/Nb than the average N-MORB of Sun
and McDonough, 1989.
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Another type of mixing curve used to argue for mixing between n-morb and
Kerguelen Island-plume endmembers (e.g. Gautier, et al., 1990) is La/Sm versus Zr/Nb
(fig. 15b). Although the previous argument eliminates the possibility of simple mixing
between Kerguelen Island type sources and MORB, there is a well-defined hyperbolic
trend of decreasing La/Sm with increasing Zr/Nb.
Clearly there must be a component from some other source. One suggestion has
been a sediment input (e.g. Gautier, et al., 1990). A role for sediment is inferred from
La/Nb versus Ba/Nb diagrams, for example, wherein it can clearly be seen that Naturaliste
Plateau, some Broken Ridge, and one Kerguelen Plateau (MD48) sample all trend away
from chondritic levels of Ba/Nb toward sedimentary signatures. Although not seen in most
Central Broken Ridge samples, nor in Ninetyeast Ridge samples (Frey et al., 1991), high
Ba/Nb has been associated with the isotopic characteristics (higher 14 3 Nd/ 14 4 Nd,
2 0 7 pb/2 0 4 pb, and 2 08Pb/2 04 Pb) noted for the DUPAL anomaly (Weaver, et al., 1986).
A check on the quality of Nb and Ta data is the Nb/Ta ratio, beacause it is relatively
constant in all basalts (about 17.6; Sun and McDonough, 1989). A plot of Nb/Ta (versus
La/Ta, chosen for ease of comparison with the accompanying Th/Ta-La/Ta diagram) for
samples analyzed and/or employed in this paper is given as figure 15c. An arbitrary limit
of +/- 25% of the chondritic ratio was set as a filter against poor analyses of these elements;
such samples were then excluded from the accompanying Th/Ta-LafTa diagram. Also
excluded from consideration were those data of Gautier et al. (1990) in which either Nb or
Ta data were missing for a given sample.
The resultant data were plotted in Th/Ta-LafTa space. Of special interest here is the
clear enrichment in both Th/Ta and La/Ta for Broken Ridge samples. Both Central Broken
Ridge and Eastern Broken Ridge basalts range from values noted for SE Indian Ocean
MORB (Dosso et al., 1988), as well as Nineteyreast Ridge data (Frey et al., 1991),
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through the chondritic values, which are also approached by Kerguelen Island data, and
into the high Th/Ta - La/Ta quadrant, along with Kerguelen Plateau dredge basalts as well
(unfortunately, both Th and Ta were below detection limits in Naturaliste Plateau basalts).
Clearly there is a component in Broken Ridge basalts that has high Th/Ta and La/Ta.
Isotopic results for Broken Ridge/Naturaliste Plateau are plotted along with
literature values for Indian Ocean MORB and Kerguelen Island/Kerguelen Plateau rocks in
figure 13. In Sr-Nd space, basalts from Broken Ridge plot to higher 8 7 Sr/8 6 Sr and lower
14 3Nd/ 14 4 Nd than do rocks from Kerguelen Island. Kerguelen Plateau samples also plot
to these higher 87 Sr/86 Sr, lower 14 3 Nd/ 14 4Nd values, although samples from Eastern
Broken Ridge extend to greater 8 7 Sr/8 6 Sr than any of the other Broken Ridge/Kerguelen
Plateau basalts analyzed to date. Clearly the Sr - Nd isotopic characteristics of Broken
Ridge samples cannot be explained by mixing of Kerguelen Island and Indian Ocean
MORB sources alone.
On the other extreme of the Broken Ridge field in Sr - Nd isotopic space are the
Naturaliste Plateau samples, which plot at the same intermediate value as does the high
MgO, low (La/Yb)N Central Broken Ridge dredge 10 sample (10D2), not far from the
overlap of the Ninetyeast Ridge and Kerguelen Island fields. All of these proposed
manifestations of the ancient Kerguelen hotspot plot to lower 14 3 Nd/ 14 4 Nd and higher
8 7 Sr/8 6 Sr than do either most Indian Ocean MORB or samples from St. Paul Island, itself
a current hotspot manifestation.
In Pb-Pb diagrams, one finds proposed ancient and modern Kerguelen hotspot
samples falling between the extremes represented at the high end of Pb-isotopic space by
St. Paul/Amsterdam Island samples and at the lower reaches by Indian Ocean MORB. The
older Ninetyeast lavas (site 758) tend to lower 2 0 6 Pb/2 0 4 pb at a given 2 0 8pb/2 0 4 pb than
do the younger ones (site 756). This shift to lower 2 0 6 pb/2 04 pb at a given 2 0 8 pb/2 0 4 pb
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continues for Kerguelen Island, Kerguelen Plateau, and Broken Ridge samples. The
Naturaliste Plateau samples, on the other hand, plot well within the Indian Ocean MORB
field in 2 0 8pb/2 0 4 pb - 2 0 6 pb/20 4 pb fields.
CONCLUSIONS
1. Glass shards overlying Broken Ridge are tholeiitic in nature, with no trend
towards alkaline tendencies over the greater than twenty million year time span they
represent. These glasses, which trace low-pressure cotectics and lack the HREE-depleted
signature expected for garnet segregation, may be products of Kerguelen hotspot
volcanism.
2. Broken Ridge is an oceanic plateau comprised of tholeiitic basalts. REE content
and (La/Sm)N for Central Broken Ridge basalts are within the limits found in the Broken
Ridge glasses that overlie Central Broken Ridge. The more-evolved Eastern Broken Ridge
basalts have REE abundances and (La/Sm)N exceeding those found in both Central Broken
Ridge dredge samples and Broken Ridge glasses. Taken as a whole, Broken Ridge
samples fall between the range in REE content and (La/Sm)N of Ninetyeast lavas and
alkaline basalts from Kerguelen Island.
3. Naturaliste Plateau basalts are also tholeiitic, but are lower in REE content and
(La/Sm)N than are basalts from any of the other proposed expressions of a Kerguelen
hotspot, including Broken Ridge, Ninetyeast Ridge, Kerguelen Island and Kerguelen
Plateau, falling instead to the lower limits of REE content and (La/Sm)N found for Indian
Ocean MORB.
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4. Models which might predict Broken Ridge and/or Naturaliste Plateau as
mixtures of MORB and Kerguelen Island-plume type sources fail when contrasting trace
element ratio comparisons are made. There is a clear need for input from a high Th/Ta -
La/Ta source for the Broken Ridge samples in particular.
5. Sr - Nd isotopes for these samples serve to extend the previously defined
Kerguelen Plateau field to both lower 8 7 Sr/8 6 Sr and 14 3Nd/ 14 4 Nd than that found for
Kerguelen Island basalts. In addition, Eastern Broken Ridge basalts extend to much higher
87 Sr/8 6Sr than any other Kerguelen hotspot manifestations to date. In contrast, Naturaliste
Plateau samples plot nearest the younger, low-REE, low-(La/Sm)N Central Broken Ridge
sample 10D2. At intermediate Sr-Nd isotopic values, these samples are nearer typical
Indian Ocean MORB values than are other Broken Ridge samples
6. In Pb-Pb space, Broken Ridge samples plot to lower values of 2 0 6 pb/2 0 4 Pbat a
given 2 0 8 Pb/2 0 4 Pb than do those from Kerguelen Plateau. At still-lower 206/204 (and
2 08 pb/204 pb), Naturaliste Plateau samples plot away from the low-REE, low-(La/Sm)N
Central Broken Ridge sample 10D2, falling within the Indian Ocean MORB field in
208pb/ 2 04pb - 2 0 6 pb/2 0 4pb space.
In summary, basalts from Broken Ridge and Kerguelen Plateau are tholeiitic, with
higher incompatible element contents and isotopic ratios unlike depleted Indian Ocean
MORB. In contrast to the youngest Kerguelen Island lavas, none of the combined Broken
Ridge/Kerguelen plateau lavas are alkalic. Their trace element and isotopic data are
consistent with a Kerguelen plume source, although the plateau basalts cannot be explained
by simple two-component mixing involving homogeneous plume and MORB sources. In
particular, relatively high Th/Ta and La/Ta in Broken Ridge lavas require an enriched
component (= sediments?) not seen in the Kerguelen Island or Ninetyeast Ridge lavas. In
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contrast to Broken Ridge and Kerguelen Plateau, lavas from the Naturaliste Plateau have
many geochemical characterrstics similar to depleted MORB.
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Table 1: Broken Ridge glass analyses
BR 13 A BR 13 B BR 13 C BR 13 1) BR 14 A BR 14 B
e-microprobe. weight % % rel.dev. weight % % rel dev weight % % rel.dev. weight % % rel dev. weight % % rel.dev. weight % % rel.dev.
Si02 49.96 0.3 50.01 0.2 49.95 0.4 50.45 0.3 52.73 1.6 49.04 0.6
TiO2 1.62 3.7 2.14 1 4 2.84 1.8 2.83 1 8 2.09 3.8 1.6 1.9
A1203 13.73 04 13 37 0.4 13 01 0.4 13 12 0.1 14 12 1.1 14.41 0 6
FeO 12.06 0 7 12 94 0.6 14.57 0.3 14.35 1 0 12.59 1.4 11.24 0.7
MinO 0.18 5 6 0 17 17 6 0 21 14.3 0 21 9 5 0 18 5.6 0 18 5.6
lMg( 6.87 2 0 5 78 3 6 5.12 1.6 5 08 0.2 4.22 3.6 7.66 1 8
CaO 11 42 0.5 10 25 0 3 9.2 0.9 9.29 1.1 8.12 1 5 12.21 0.7
Na20 2.34 2.1 2 71 4 1 2.75 5.8 2.79 1 8 3.26 4 0 2.1 3.3
K20 0 22 18 2 0 51 2 0 0.45 6.7 0.45 8 9 0.74 6 8 0.18 11 1
P205 0 14 14 3 0.22 13.6 0.29 0.0 0.31 3.2 0.27 7.4 0.13 15 4
Sum 98.55 0.3 98 09 0.1 98.42 0 2 98.9 0.3 98.31 0.9 98.79 0.3
# points 4 4 3 4 3 4
std. dev std dev std. dev. std dev. std dev. std. dev.
CaOI/A203 0.83 0 01 0.77 0.01 0.71 0 01 0.71 0.01 0 58 0.01 0.85 0 01
K201P205 1 6 0.5 2 3 0.4 1.6 0.1 1.5 0.2 2.7 0.4 1.4 0.4
ion nucroprobe: ppm % mean. dev ppm % mean. dev.
Y 79.6 1.3 26 2.8
Sr 155.9 0.6 231 2.8
Nb 12.6 2.4 6.4 6.1
Zr 166 0.4 98 4 2.8
Cr 732.3 3.1 426 3 2.5
V 306.6 2.5 360.6 5.2
La 8.23 5 5.56 2.6
Ce 18.74 7.1 15 7 2.9
Nd 11.23 3.8 11.66 4.2
Sm 3.29 3.9 3.6 2.3
Eu 0.99 3.7 1.62 3.3
Dy 3.96 4.3 5 34 2.8
Er 2.19 3.6 3 45 5.1
Yb 2.04 3.8 2 69 1.4
ratios: std dev. std. dev.
ZrINb 13 2 0.4 15 4 1.4
(LalYb)N 2.8 02 1 4 0 1
Table 1: Broken Ridge glass analyses
BR 14C
weight %
52.08
2.28
13 26
13.4
0.19
4 58
8.73
2 61
0.43
0 22
97.79
BR 14 E
weight %
51.74
1 96
13 09
12 87
0.18
5.66
9.72
2 56
0.49
0.26
98 54
% rel.dev.
0.6
2.6
0.7
1.4
16.7
0.9
0.7
6.6
6.1
11.5
0.6
4
BR 14 F
weight %
48.85
1.57
14 26
11.24
0.15
7 52
12 19
22
0.17
0.11
98.31
% rel.dev
0.7
13
1 1
1.5
15.8
2.0
0.2
12.6
2.3
9.1
0.9
e-microprobe:
SiO2
TiO2
A1203
FeO
MhnO
MgO)
CaO
Na20)
K20
P205
Sum
# points
CaOIAI203
K201P205
ton microprobe:
Y
Sr
Nb
Zr
Cr
V
La
Ce
Nd
Sm
Eu
Dy
Er
Yb
ratlos:
Zr/Nh
(LalYb)N
BR 14 D
weight % % rel.dev.
49.17 1.1
1 73 1.7
13 42 1.8
11.81 1.7
0 16 6.3
6.97 2.2
11 46 03
2.42 5.8
0 24 8 3
0.13 38 5
97 53 1.2
3
std. dev.
0.85 0 02
1.8 0.9
ppm % mean. dev.
28.3 1.4
156 8 1 1
81 3.7
106.6 1.6
181.9 2
343.4 1 86
761 6.1
20 74 7 3
14.29 11.1
403 67
1 75 88
6 29 9.7
408 8 1
306 5 1
std dev.
132 0.7
1.7 02
std dev.
91 0.3
3.3 0.4
% rel.dev.
0.6
3.2
17
1.1
20.0
2.1
0.2
23
5.9
36.4
0.8
std dev.
0.85 0.02
1.5 0.7
ppm % mean. dev.
26.7 1.7
172.2 1.6
67 5.6
99.6 1
399.5 1
354 7 2
3.22 9.5
8.51 11.3
6 63 88
2.45 4.6
0.87 12.7
3.72 12.4
1.77 44
1.68 4.6
std. dev
14 9 1.0
1.3 0.2
std. dev.
0.74 0.01
1.9 0.3
ppm %
27.3
157 5
15.7
142.8
59.8
303.2
14 56
35 22
20 67
5.14
1.69
6 17
4.18
3 06
BR 15 A
weight %
49.83
2.07
13.1
12.58
0.17
6.15
10.49
2.43
0.27
0.19
97.29
5
std dev
0.66 0 01
2.0 0.2
mean. dev.
1.1
0.925
1.6
2.1
2.6
1.5
8.2
71
5.7
9
6.7
47
2.8
3.4
% rel.dev.
0.3
1.0
0.5
0.7
11.8
3.9
0.3
1.2
11.1
5.3
0.2
3
BR 15 B
weight %
49.34
2.05
12.95
12.61
0.17
6.24
10 58
2 17
0 25
0.16
96 53
% rel.dev.
0.2
2.4
08
1.0
59
1.6
0.5
23.5
80
12.5
0.6
4
ppm %
45.5
173.2
13.7
237 6
48.6
459.3
mean dev.
1.1
0.2
21
1
8.2
0.4
std. dev.
0 80 0.01
1.4 0.2
std. dev.
0.82 0.01
1.6 0.3
std. dev
17.3 0.5
Table 1: Broken Ridge glass analyses
BR 15C BR 15 D
e-microprobe.: weight % % rel.dev. weight %
0.9
2.1
0.6
13
15.0
3.0
28
3.2
11.4
16.7
0.1
3
std. dev.
0 74 0.03
1.9 0.5
49 8
2.08
13 03
12 88
0.2
6.09
10 51
2 42
0 26
0 17
% rel.dev.
0.7
24
1.1
1.2
15.0
2.6
03
2.1
7.7
29.4
97.46 0 6
5
std dev
0 81 0 01
1.5 0.6
BR 15 E
weight % % rel.dev
50.27 0.0
2.05 2.0
13.16 1 1
12.34 0.8
0.2 10.0
6.15 1.1
10.47 1.6
2 46 0.8
0.24 0.0
0.19 10.5
97.55 0.2
2
std. dev.
0.80 0.02
1.3 0.1
BR 15F
weight %
50.07
1 94
13.52
12.4
0.18
6.32
10 98
2.11
0.25
0.2
97.97
% rel.dev.
0.4
2.6
0.4
10
11.1
3.0
0.8
12.8
8.0
10.0
std dev.
0.81 0.01
1.3 0.2
BR 15G
weight %
50.07
2.11
13.23
12.68
0.18
6.12
10.76
2 34
% rel dev.
0.3
0.9
0.5
1.3
11.1
2.3
1.0
3.4
0.25 4.0
0.19 10.5
97.94 0.3
4
std. dev.
0.81 0 01
1.3 0.2
50.41
1 89
12.93
13.63
0.2
5.41
9.56
2.82
0.35
0.18
97.39
SiO2
TiO2
A1203
FeO
MnO
AMgO
CaO
Na20
K20
P205
Sum
# points
CaOIAI203
K2OIP205
BR 16 A
weight %
49.24
1 92
13.57
12.16
0.19
6.86
11 62
2.21
0.19
0.17
98.15
% rel.dev
0.6
0.5
0.2
0.5
10.5
2.8
0.8
3.2
10.5
5.9
0.5
std dev
0.86 0.01
1.1 0.2
Table 1: Broken Ridge glass analyses
BR 16 B
e-microprobe.: weight %
SiO2
TiO2
A1203
FeO
MnO
Mg()
CaO(
Na20
K20
P205
Sum
# points
CaOIAI203
ol K201P205
49.07
1 93
13.48
12.13
0.19
6 95
11.55
2.34
0 19
0.16
98.02
BR 16 C
% rel.dev.
0.2
05
0.6
0.7
105
3.7
04
2.6
10.5
18 8
0.3
4
std. dev.
0.86 0 01
1.2 0.3
BR 16 D
weight % % rel.dev weight %
48 93 0.9 49 07
195 15 151
13.54 0 7 14 05
11 93 0 6 11.04
0 17 17.6 0.16
7 0 4 7 62
11 62 1 8 11.87
249 24 2 19
0 19 10 5 0 18
0.19 10.5 0 1
98.04 0.8 97.84
2
std dev.
0 86 0 02
1.0 02
% rel.dev.
1.0
0.7
0.9
34
12.5
0.3
0.0
2.3
11.1
10.0
1.1
std. dev.
0.84 0.01
1.8 0.4
BR 20 A
weight %
49.23
1 52
13 6
11.64
0.16
7 38
11 98
2.16
0.19
0.12
97.99
BR 20 B
% rel.dev
0.4
33
0.4
08
12.5
0.4
03
32
5.3
16.7
0.5
std dev.
0.88 0.01
1.6 0.3
BR 20 C
weight % % rel.dev. weight %
49 8 0.8 49 71
1.76 2.8 1.62
1321 0.8 13 68
12.41 1.0 11.97
0 19 10 5 0.17
6.24 4.3 6.99
11 03 0 7 11.92
2 32 1 7 2 16
0.26 11.5 0 2
0.18 27.8 0.17
97.4 0.7 98.6
st& dev.
0.83 0 01
1.4 0.6
3
std dev.
0 87 0 01
1.2 0.1
% rel.dev
0.2
2.5
0.2
14
59
19
07
0.5
50
5.9
03
Table 1: Broken Ridge glass analyses
BR 20 D
e-microprobe: weight % % rel.dev.
SiO2 49.72 0.4
TiO2 1.76 5 7
A1203 13.49 0 8
FeO 11.95 0.4
Mn() 0.19 15 8
MgO 6 56 2.9
CaO 11.42 1 0
Na20 1.98 9.1
K20 0 22 9.1
P205 0.18 11 1
Sum 97.49 0 8
# points 2
std. dev.
CaOIAI203 0.85 0.02
O K20IP205 1.2 0.2
BR20 E BR 21 A
weight % % rel.dev weight %
49.18 1.7 50.62
1.51 2.6 1.86
1354 2 0 13.64
11 55 1 0 12.62
0 16 25.0 0 19
7 05 3.8 6.34
12.09 1 2 10.69
1 97 4.6 2.49
0 19 15.8 0.41
0 11 54 5 0.21
97.37 1.6 99.08
4
std dev.
0 89 0.03
1.7 1.2
std dev.
0.78 0.01
2.0 0.1
% rel.dev
0.3
2.2
0.5
1.5
5.3
05
1.3
16
0.0
4.8
0.3
BR21 B
weight %
50.13
1 79
13 32
12.49
0 18
6 42
11.15
2.32
0 31
0.19
98.32
% rel dev
0.3
1.7
0.5
1.3
11 1
4.2
24
3.4
25.8
10.5
0.5
BR 21 C
weight %9
49.79
1.69
13 66
12.02
0.18
6.69
11.02
2.36
0.39
0.21
98.03
% rel.dev.
0.1
1.2
04
0.8
5.6
0.1
0.5
6.8
7.7
48
0.3
BR 21 D
weight %
49.23
1.85
13.2
12.7
0.18
67
10.92
2 13
0.25
0.17
97.35
% rel.dev.
1.2
1.1
0.1
07
5.6
2.4
1.0
6.1
0.0
00
0.8
std. dev
0.84 0 02
1.6 0.6
std dev.
0.81 0.01
1.9 0.2
3
std dev.
0 83 0.01
1.5 0.0
Table 1: Broken Ridge glass analyses
BR 21 E BR 21 F BR 21 G BR 22 A BR 22 B BR 22 C
e-microprobe: weight % % rel.dev. weight % % rel.dev. weight % % rel.dev. weight % % rel.dev weight % % rel.dev. weight % % rel.dev.
SiO2 49.82 0.7 49.85 0.3 50.1 1.2 49.78 0.4 50.22 1.5 50.24 0.6
TiO2 1.71 1.2 1 71 3 5 1.72 0.0 1.42 0.7 1.4 2.9 1.36 2.9
A1203 13.63 1.1 13.64 0.9 13.54 1.1 13.64 0 7 13.3 1.7 13.38 0.2
FeO 12.15 2.0 11.9 0.4 11.98 1.2 11.43 1 2 12.4 1.6 12.24 1.1
MnO 0.17 5.9 0 17 17.6 0.17 11.8 0.17 17.6 0.17 17.6 0 17 0.0
MgO 6.62 3.2 6.24 3.2 6.53 3.7 6.81 2 8 6.48 6.9 6.68 1.2
CaO 11.03 0.6 10.93 0 5 11.65 0.7 12.04 0 2 11.1 0.5 11.07 1.8
Na20 1.82 19.8 1.63 4 3 1.7 12.4 1.55 23.2 2 03 25.6 2.42 2.1
K20 0.38 5.3 0.38 5 3 0.19 5.3 0.21 4.8 0.29 10 3 0.29 3.4
P205 0 2 25.0 0.2 15.0 0.2 10.0 0.14 14.3 0.12 66.7 0.12 25 0
Sum 97.54 0.4 97.99 1.4 97.44 0.0 97.22 0.1 97 5 2.3 97.96 0.6
# points 4 3 3 4 2 4
std dev. std dv std dev. std dev. std dev. std dev.
CaOIAI203 0.81 0.01 0.80 0.01 0.86 0.02 0.88 0 01 0.83 0.02 0 83 0 02
K201P205 1.9 0.6 1.9 0.4 1.0 0.1 1.5 0.3 2.4 1.9 2.4 0.7
Table 1: Broken Ridge glass analyses
BR 22 1)
e-microprobe: weight %
SiO2
TiO2
A1203
FeO
MnO
MgO
CaO
Na20)
K20
P205
Sum
# points
CaOIA203
K201P205
50.6
1.38
13.55
12.21
0.17
6.69
10.98
2.56
0.27
0.17
98.57
% rel.dev
0.2
29
0.4
10
11.8
2.2
0.6
10.5
3.7
11.8
04
5
std dev
0.81 0.01
1.6 0.2
BR 22 E BR 22 F
weight % % rel.dev. weight %
50 23 0.1 50.28
1 37 2 9 1 28
13 83 0.7 13.92
11.3 0.6 11.32
0 15 13.3 0.16
7 6 0.9 7.46
11.9 0.3 11.72
2.56 6.3 2.46
0.22 13.6 0.24
0.14 14 3 0.14
99.31 0.3 98.98
4
std dev.
0 86 0.01
1.6 0.4
std dev.
0.84 0.01
1.7 0.3
% rel dev.
0.5
1.6
0.6
0.7
12 5
1.1
0.6
2.0
12.5
7.1
0.4
BR 23 A
weight %
50.52
2.3
13.06
13.9
0.22
5.82
10.04
2.7
0.35
0.22
99.13
% rel dev.
0.8
26
02
1.7
91
12
11
1.9
8.6
22.7
0.1
BR 23 B
weight %
50.36
2 22
13.05
14.23
0.25
5.97
10.22
2.75
0.36
0 21
99.62
BR 23 C
weight %
50.16
1.89
13.58
12.46
0.21
6.73
11.12
2.44
0 26
0.17
99.02
% rel.dev.
std dev.
0 01
% rel.dev
0.3
4.8
0.4
1.6
9.5
0.7
0.5
2.9
3.8
11.8
0.3
std. dev
0.77 0.01
1.6 0.5
0.78
1.7
4
std dev.
0.82 0.01
1.5 0.2
Table 1: Broken Ridge glass analyses
BR 23 D
weight % % rel.dev
50.03 0.5
2.28 2.6
13.07 0.6
14 27 0.9
0.25 8.0
5.93 0 8
10.33 0.4
2.75 4.4
0.32 3.1
0.23 4.3
99.46 0.3
4
std dev.
0.79 0.01
1.4 0.1
BR 23 E
weight %
50.53
2 04
13 54
13 29
023
62
10.48
2 68
0.32
0.19
99.5
% rel.dev.
0.1
2.0
05
1 1
43
0.8
05
34
9.4
5.3
0.2
4
e-microprobe:
SiO2
TiO2
A1203
FeO
MnO)
MgO
CaO
Na2O
K20
P205
Sum
# points
CaOIAI203
K201P205
BR 24 A
weight % % rel.dev.
50.73 0.4
1.64 1.8
13.67 0.3
12.27 1.1
0.21 4.8
7.22 1.4
11.9 0.6
24 3.8
0.2 10.0
0.15 0.0
100.39 0.2
3
std dev.
0.87 0.01
1.3 0.1
BR 24 B
weight %
50.88
1.97
13.68
13.1
0.23
6.66
11 09
2.52
0.24
0.18
100.55
% rel.dev.
0.1
1.0
0.4
1.0
17.4
0.6
0.7
2.8
4.2
0.0
0.1
4
std dev.
0 81 0.01
1.3 0.1
BR 24 C
weight %
51.06
1.81
13.58
13.64
0.21
5 71
10.04
2.71
% rel.dev.
0.3
1.1
0.2
0.9
9.5
0.5
1.4
1.1
0.43 2.3
0.21 9 5
99.4 0.2
3
std dev.
0.74 0 01
2.0 0.2
BR 24 D
weight %
51.32
1.67
13.78
13 33
0.23
6.01
10.35
2.96
% rel dev.
0.5
3.6
0.9
08
87
4.0
0.37 5.4
0.2 00
100.22 0.5
3
std dev.
0.75 0.01
1.9 0.1
std. dev.
0.77 0.01
1.7 0.2
Table 1: Broken Ridge glass analyses
BR 26 A
e-microprobe: weight %
SiO2
TiO2
A1203
FeO
MnO
hlgO
CaO
Na20)
K20
P205
Sum
# points
CaOAI203
0 K201P205
zon microprobe:
Y
Sr
Nb
Zr
Cr
V
La
Ce
Nd
Sm
Eu
Dy
Er
Yb
ratios:
Zr/Nb
(LalYb)N
48.37
1 74
14.72
10.69
0.16
7.73
11.58
2.1
02
0.14
% rel.dev.
0.6
1.7
1.1
0.9
63
0.3
0.4
7.6
10.0
35.7
97.47 0 6
3
std. dev
0.79 0.01
1.4 0.7
BR 26 B BR 26 C
weight % % rel.dev. weight %
49.39 1.3 49.27
1 63 25 2.12
13.24 1 7 13.24
1273 1.3 12.76
0 2 20.0 0.18
5.84 1.0 6.54
10 37 09 10 97
2.36 42 2.29
0 37 8.1 0.23
0.19 15 8 02
96.31 0.9 97.82
3
std dev.
078 0 02
1.9 0.5
0.83
1.2
% rel dev
0.2
09
0.1
1.4
22.2
1.4
0.4
57
4.3
150
0.2
3
std dev.
0.00
0.2
BR27 A
weight %
49.4
1.93
13
12.65
0.15
6.32
10.93
2.43
0.31
0.14
97.26
1
0.84
2.2
BR 27A CPX
weight % % rel.dev.
51.7
0.56
2.46
6 95
0.15
16.25
20.2
0.04
0.02
0
98 61
0.3
7.1
3.7
1.7
67
0.9
04
125.0
0.0
na
0.5
3
ppm % mean. dev.
13.4 2.8
9.6 4.1
0 na
10.4 1.7
1853 0 7
326 1.3
0 36 5.5
1.79 3
2.92 3.2
1.02 10.6
0.45 7.5
2.64 5.8
1.43 09
1.34 7.2
BR 27 B
weight %
49.85
1.91
13.32
12.7
0.19
6.4
10.76
2.41
0 34
0.21
98.11
% rel.dev.
0.4
1.6
0.8
1.0
5.3
13
1.0
2.9
5.9
4.8
0.4
std dev.
0.81 0.01
1.6 0.2
ppm % mean. dev.
32 0.9
139.5 0.6
7.9 9.3
122.5 0.32
160 0.98
341 3.1
6.33 10
16.08 9.5
11.75 7.2
3.7 7.4
1.26 7.6
5.06 5.6
2.85 4.4
2.66 1.6
std. dev.
15 5 1.5
1.6 0.2
Table 1: Broken Ridge glass anal)ses
e-mcroprobe:
SiO2
TiO2
A1203
FeO
MnO
Mlg()
CaO
Na220
K20
P205
Sunm
# points
U ('aOI11203
K20IP205
ion microprobe:
Y
Sr
Nb
Zr
Cr
V
La
Ce
Nd
Sm
Eu
Dy
Er
Yb
ratios:
Zr/Nb
(La/Yb)N
BR 27 C
weight %
49.9
1.96
13 36
12.94
0 19
6.44
10 74
2.45
0 33
02
% rel.dev.
0.2
1.0
0.5
09
15 8
2.2
06
49
30
50
98.54 0.4
4
std dev
0 80 0 01
1.7 0.1
ppm %
28.1
129 1
74
117.9
157
361
mean dev
2.1
3
7.5
28
1.2
2.7
BR 27 1)
weight %
49.98
1.91
13 32
12.52
02
64
11
2 35
0 32
0 19
98 21
% rel dev
0.5
0.5
0.8
19
150
1.3
04
13
31
15 8
0.6
3
std dev.
0.83 0 01
1.7 0.3
ppm
27.5
126 3
7.6
111 1
123
363
std. dev
15 9 1.6
% mean dev.
0.4
09
4.6
0.46
1.3
1.4
std dev.
14 6 0.7
BR 27 GI.
weight %
49 39
1.88
13 24
12 73
0 19
6 25
11.01
2.54
0.3
0.15
97.68
% rel.dev
1.3
1.6
1.4
0.5
15.8
2.4
1.1
1.6
6.7
6.7
1.0
BR 28 A
weight %
50.43
16
14.03
11.86
0.2
7.21
11 79
23
03
0.14
99.86
% rel dev.
0.8
19
0.4
13
10.0
1.0
0.3
35
6.7
7.1
0.3
BR 28 B
weight %
50.73
1.99
13.69
13.07
0.25
6.13
10.95
2 55
0.34
0 21
99 91
% rel.dev.
0.6
2.5
5.3
30
24.0
38
19
6.3
11.8
14 3
0.6
4
BR 28 B'
weight %
50.16
1.78
13.94
12
0.21
6.58
11.25
2.46
0 33
0 18
98.89
0.81
1.8
std. dev.
0 83 0.02
20 0.3
% rel.dev.
0.1
0.0
0.3
0.8
9.5
0.0
0.5
0.8
61
11 1
0.1
std. dev.
0 01
0.3
std dev.
0.84 0.01
2.1 0.3
std. dev.
0.80 0 06
1.6 0.4
Table 1: Broken Ridge glass analyses
BR 28 C
e-microprobe: weight %
SiO2
TiO2
A1203
FeO
Mn(O
MgO
CaO
Na20
K20
P205
Sum
# points
UIn CaOIA1203
K201P205
49.98
2 05
13 31
13 42
0 23
6.23
10.9
2.52
0.32
0.2
99.16
% rel.dev.
0.4
05
0.8
0.6
8.7
14
0.5
2.0
63
10.0
0.2
BR 28 1)
weight %
50.74
1 62
14 11
11 69
0 22
7.15
11.74
2.37
0.31
0.15
100 1
4
std dev.
0 82 0 01
1.6 0.3
% rel dev
0.6
1.9
05
1.2
9.1
08
0.9
3.4
6.5
67
0.2
6
std dev.
0.83 0.01
2.1 0.3
BR 28 E
weight %
50.69
1 66
13.91
11.7
0.21
7.16
11.67
2.32
0.28
0.15
99.75
% rel.dev.
0.3
1.2
0.6
0.8
14.3
0.8
04
3.9
7.1
133
0.3
std. dev.
0.84 0.01
1.9 0.4
BR 28 F
weight %
50.49
1.78
14 13
12.23
0.23
6.65
11.08
2 51
0.33
0.18
99.61
% rel dev
0.2
34
04
1.1
13.0
0.9
07
36
0.0
5.6
BR 29 A BR 29 B
weight % % rel.dev. weight % % rel.dev
50.66
1 26
14 06
11.34
0.21
7.49
12 31
2.28
0.23
0.11
50 37
1.24
13.98
11.3
02
7 44
12 13
2.31
0.23
0.1
04 99 95 0.3
std dev
0.78 0 01
1.8 0.1
std dev.
0.88 0.01
2.1 0.3
0.7
0.8
1.4
0.8
10.0
2.0
0.5
2.2
0.0
10.0
99.3 0.7
0.87
2.3
std dev.
0 02
0.2
Table 1: Broken Ridge glass analyses
BR 29 D
e-microprobe weight % % rel.dev.
SiO2
TiO2
A1203
FeO
Mn()
MgO
CaO
Na20
K20
P205
Sum
# points
CaOIAI203
W K201P205
50.58
1.79
13.72
12.37
021
6.59
10.9
2.46
0.33
0.17
99.12
0.3
1.7
04
1.5
48
12
12
2.8
6.1
11 8
0.5
4
std dev.
0.79 0.01
1.9 0.3
BR 29 E BR 29 G
weight % % rel.dev weight %
50.26 0.8 50
1.37 36 1 55
14.57 0.8 14.31
11.43 0.5 11 33
0.19 15.8 0 21
7 7 08 7.62
12.33 0.6 11.95
2 25 4 4 2.24
0 22 0.0 0.25
0 12 8 3 0.13
100.44 0.5 99.59
4
std dcv.
0.85 0.01
1.8 0.2
0.84
1.9
BR 29 F
weight %
48 67
1.21
13.48
10.29
0.19
7.17
11.38
2.06
0.2
0.08
94.73
% rel.dev.
0.5
2.6
2.3
1.5
19.0
0.8
18
2.2
24.0
7.7
0.4
6
std dev.
0.03
0.6
% rel.dev.
4.9
6.6
5.3
9.4
10.5
5.9
55
7.8
5.0
25.0
5.7
BR 32 D
weight %
49.41
2.34
13.19
12.28
0.17
6.68
11.3
1.72
0.85
0.3
98.24
0.86
2.8
% rel.dev.
1.8
5.6
9.6
15.6
23 5
33.5
23.9
29.7
34.1
13.3
0.7
std dev
0.29
1.3
std. dev.
0.84 0.09
2.5 0.8
Table 2: Broken Ridge glass microphenocryst analyses
e-microprobe:
SiO2
TiO2
FeO
A1203
Cr203
MnO
MgO
CaO
Na20
K20
Sum
used standard for.U-t
BRG 27 Clinopyroxene:
point 1 point 2
wt. % wt. %
52.55 52.02
0.592 0.563
7.49 6.86
2.66 2.55
0 327 0.289
0 157 0177
17.03 1678
19.46 20 32
0.339 0 277
0 036 0 02
100.62 99 86
glass
point 3
wt. %
51.87
0 526
6.89
2.47
0.379
0 179
16.7
20.28
0.239
0.02
99 55
ave cpx
52 15
0.560
7.08
2.56
0.332
0.171
16 84
20.02
0.285
0.025
100.01
glass glass
BRG 28B Olivine:
e-microprobe:
SiO2
TiO2
FeO
A1203
Cr203
MnO
MlgO
CaO
Na20
K20
Sum
used standard for:
gr. A (pt.l)
wt. %
38.96
0.027
22.53
0 09
0.074
0 319
39.04
0 42
n.a.
n.a.
101.44
gr. A (pt.2)
wt. %
38.45
0.09
22.62
01
0 074
0.288
38.8
0.46
n.a.
n.a
100 93
gr. B (pt.1)
wt. %
39.76
0.148
22.54
0.2
0.061
0.308
38.24
0.5
n.a.
n.a
101.83
olivine olivine olivine
gr. B (pt.2 )
wt. %
41.08
0.036
22.67
0.6
0.051
0.334
35.72
0.58
n.a.
na
101.07
BRG 28B Clinopyroxene:
grain C grain D
wt. % wt. %
53.54 51.93
0 64 0.785
9.03 8.17
2.17 2.54
0.388 0.377
0.1 0.114
17.71 16.64
17.65 18.83
n.a. n.a.
grain F
wt. %
52.25
0.883
9.36
3.05
0.332
0.243
16.55
17.94
n.a.
n.a. n.a n a.
101.22 99.38 100.61
olivine olivine olivine
BRG 28B
gr
51
0
29
13
3.
0.
98
olivine
Plagioclase:
ain I grain J grain K
t.% wt. % wt. %
.54 52.5 53.3
n.a. na. na.
3.95 0.94 0.94
.53 29.31 29.34
n.a. n.a. n.a.
na n.a. n.a.
3.28 0.31 0.29
.07 12.67 12.32
412 3.76 3.984
041 0.037 0 045
.82 99.54 100.21
plag plag plag
(na = not analyzed)
ave cpx
52.57
0.769
8.85
2.59
0.366
0.152
16.97
18 14
n.a.
n.a.
100.40
ave plag
52.45
n.a.
0.94
29.39
n.a.
n.a.
0.29
12.69
3.719
0 041
99.52
Table 3: Eastern Broken Ridge (dredge 8) sample analyses
BR8EIa BR8Elb BR8B1 BR8B3
E weight % % rel.dev. weight % % rel.dev. weight % % rel.dev. weight % % rel.dev.
SiO2 51.07 0.0 49.85 0.1 49.50 0.0 48.89 0.1
TiO2 1.60 0.2 1.60 0.1 1.85 0.6 3.09 0.0
A1203 13.74 0 1 13.79 0.2 13.82 0.0 13.88 0.0
Fe203 14.00 0.0 14.83 0.0 14.99 0.3 15.94 0.7
MnO 0.24 0.2 0.24 0.4 0.28 0.4 0.46 0.3
MgO 6.06 0.4 6.04 0.1 5.53 0.3 5.19 0.3
CaO 10.39 0.1 10.42 0.0 9.97 0.0 9.21 0.2
Na20 2.51 1.9 2.49 1.0 2.95 3.2 2.89 0.5
K20 0.371 0.1 0.468 0.1 0.485 0.1 0.413 0.4
P205 0.179 0.8 0.184 1.1 0.193 0.8 0.372 0.5
total 100.17 99.90 99.56 100.34
XRFMo-tubek ppm % rel.dev. ppm % rel.dev. ppm % rel.dev. ppm % rel.dev.
Y 40.0 0.8 37.9 0.2 27.6 0.3 30.6 0.1
Sr 130 0.6 127 0.2 231 0.0 296 0.2
Rb 6.2 15.4 6.7 3.9 5.6 6.5 4.7 8.9
Th nd na 2.5 5.6 2.1 20.6 nd na
Pb 5.4 11.8 4.6 11.7 4.6 13.8 7.9 14.6
Ga 18.8 4.4 17.6 0.1 19.6 1.3 22.4 2.3
XRF(Au-tubek
Sr 137 0.9 . 133 0.6 243 0.0 307 0.5
Ba 156 4.5 125 2.2 152 5.1 179 2.8
V 366 0.5 375 0.2 315 0.1 457 0.7
Cr 21.5 1.2 22.4 3.5 15 3.6 10.8 3.4
Ni 52 0.9 53 1.2 43 0.3 36 2.7
Zn 128 0.8 166 0.7 152 0.0 226 0.1
Zr 141 0.7 138 1.0 108 0.3 172 0.0
Nb 7.8 1.7 7.3 3.7 7.3 2.6 13.9 1.1
Ce 28.7 4.9 28.7 6.6 32.8 6.1 50.9 3.7
flA&
La 11.29 1.2 10.02 1.3
Ce 26.0 3.5 26.0 3.1
Nd 15.7 7.6 15.3 6.5
Sm 4.19 1 4 4.16 1.4
Eu 1.32 2.0 1.40 1.6
Tb 0.85 8.2 0.97 7.2
'b 4.10 2.2 3.97 2.0
Lu 0.64 3.1 0.65 2.8
Na20O (wt%) 2.35 0.9 2.30 1.3
Hf 3.33 5 4 3.21 4.7
Th 2.36 9.3 2.19 8.7
Ta 0.45 17.8 nd na
Cr 22 7.0 23 5.2
Co 50.6 0.8 52.1 0.6
Sc 46.7 0.4 48.4 0.6
Cs nd na nd na
raios.: std. dev.
ZrINb 18.1 0.4 18.9 0.9 14.8 0.4 12.4 0.1
(LalYb)N 1.91 0.07 1.75 0.06
Table 3: Eastern Broken Ridge (dredge 8) sample analyses
% rel.dev.
0.0
0.2
0.1
0.0
0.0
0.4
0.1
0.1
0.4
0.0
% rel.dev.
1 1
0.4
21.0
21.8
15.6
3.4
M-D8
weight %
49.34
3.10
14.35
15.01
0.42
5.03
9.44
2.90
0.382
0.377
100.36
% rel.dev.
01
0.3
0.2
0.3
0.5
0.5
0.1
1.7
0.1
0.3
% rel.dev.
1.3
0.1
7.9
25.6
21.1
2.9
ppm
30.3
307
3.5
2.5
7.5
22.4
BR8B2
weight %
48.95
2.33
14.45
15.88
0.33
3.69
8.41
3.12
2.055
0.263
99.49
% rel.dev.
0.0
0.0
0.1
0.1
0.3
0.7
0.0
0.8
0.2
0.6
% rel.dev.
0.7
0.4
0.3
47.3
10.7
2.3
ppm
40.1
199
48.2
3.2
7.3
23.0
209
281
460
4.5
45
164
169
12
34
BR8B9
weight %
49.12
3.11
13.96
15.25
0.42
5.16
9.33
2.90
0.386
0.378
100.01
0.1
3.4
0.5
22.0
4.3
0.5
0.4
0.2
2.1
XRF:
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
total
ppm
31.2
297
3.5
2.0
5.7
22.6
308
160
472
11.8
34
206
176
13.8
50.4
19.53
50.0
26.1
5.89
2.08
0.86
2.87
0.43
2.59
4.07
2.63
0.80
15
49.2
44.0
nd
BR8B4
weight % % rel.dev.
49.42 0.1
2.22 0.1
13.92 0.2
17.74 0.1
0.37 0.1
2.48 0.0
7.45 0.1
3.61 1 7
1.301 0.2
1.006 0.1
99.52
ppm % rel.dev.
48.4 0.3
338 0.2
9.7 1.8
3.7 29.2
8.7 11.1
24.0 1 1
347 02
471 1.7
32 4.5
0 0.0
17 1.6
207 0.4
241 0.5
19.4 3.1
90.6 2.1
29 1.0
80.4 1 7
43.6 4.4
9.93 1.4
3.90 1 3
1.62 5.6
4.38 2.1
0.63 3.2
3.36 0.9
5.91 2.9
4.95 5.7
1.19 8.4
nd na
24.9 0.8
37.8 0.5
nd na
12.4 0.4
4.58 0.14
XRF(Mo-tube):
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tube).
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
INAA
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na20 (% %)
Hfu
Th
Ta
Cr
Co
Sc
Cs
ratios:
ZriNb
(LaIYb)N
315.58
167.43
464.74
10.98
42.55
196.4
168.69
12.72
41.63
1.0
2.4
5.7
14
1.9
8.1
2.1
4.2
1.2
4.2
9.1
12.5
9.2
0.8
0.7
na
18.2
48.8
24.8
5.65
2.06
0.81
2.68
0.41
2.56
3.78
2.00
0.78
16
49.6
42.8
0.23
12.8 0.5
4.71 0.15
13.3 0.8
4.70 0.00
14.1 0.1
Table 4: Central Broken Ridge (dredge 9) sample analyses
M-D9-2
weight%
50.11
2.00
13.96
13.70
0.22
6.41
10.29
2.81
0.307
0.201
100.00
% rel.dev.
0.0
0.2
0.1
0.0
0.0
0.1
0.0
1.5
0.0
0.5
% rel.dev.
0.5
0.0
0.8
43.1
3.5
4.7
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20ZO
K20
P205
total
XRF(Mo-tube 1
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tube).
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na20O (wt%)
Hf
Th
Ta
Cr
Co
Sc
Cs
Zr/Nb
(LalYb)N
% rel.dev.
0.1
0.1
0.2
0.0
0.5
0.1
0.1
1.4
0.3
1.5
% rml.dev.
1.7
0.5
0.8
20.2
2.8
0.7
M-D9-1
weight%
50.63
2.07
13.09
14.11
0.24
6.51
9.33
3.25
0.445
0.196
99.87
ppm
31.7
226
10.4
1.7
10.7
17.0
233.57
71.81
357.49
73.97
66.27
122.92
136.47
10.86
22.48
10.5
28
15.6
4.24
1.53
0.8
3.13
0.47
2.57
3.47
0.91
0.74
77
46
45.4
0.28
std. dev.
12.1 0.4
2.32 0.00
M-D9-3
weight%
49.90
1.99
13.84
14.03
0.22
6.49
10.27
2.73
0.314
0.199
99.98
ppm
31.3
209
6.4
1.5
27.4
19.3
216.84
60.45
355.92
77.17
68.98
119.93
134.98
10.38
28.26
% rel.dev.
0.0
0.5
0.0
0.1
0.0
0.4
0.1
1.2
0.0
1.0
% rel.dev.
0.4
0.7
2.2
45.8
3.1
2.0
0.2
7.8
0.4
0.1
1.0
0.1
0.1
1.1
0.4
10.2
27
15.1
4.38
1.51
0.84
3.15
0.47
2.5
3.14
0.91
0.68
78
46.6
45
0.27
std. dev.
13.0 0.2
2.24 0.00
ppm
31.7
218
5.7
3.4
5.6
19.1
223.75
65.17
354.42
75.41
66.5
114.68
135.81
11.24
19.81
0.4
7.8
0.1
1.3
0.8
0.5
0.1
3.4
10.5
10.5
28.2
15.1
4.28
1.47
0.81
3.19
0.48
2.96
3.28
1
0.62
74
46.5
45.5
0.45
std. dev.
12.6 0.3
2.28 0 00
Table 5: Central Broken Ridge (dredge 10) sample analyses
% rel.dev.
0.5
0.3
0.7
0.2
0.0
1.6
0.0
0.2
0.3
0.3
% rel.dev.
0.7
0.1
2.8
35.6
71.2
1.3
0.1
12.7
0.6
0.4
4.4
0.4
1.1
0.1
0.4
XRF(Mo-tube
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tubek
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
NA&
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na20 (wt%)
Hf
Th
Ta
Cr
Co
Sc
Cs
ZrfNb
(LaIYb)N
SiO2
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
total
% rel.dev.
0.2
0.5
0.1
0.1
0.3
0.1
0.2
0.8
0.0
0.0
% rel.dev.
0.5
0.7
2.7
54.9
27.0
6.0
BR10A1
weight %
50.20
1.72
14.95
11.82
0.20
6.29
11.82
2.54
0.471
0.174
100.20
std. dev.
12.9 0.1
BR1OA3a
weight %
48.89
2.28
14.83
13.31
0.19
6.00
11.46
2.81
0.373
0.226
100.36
BR1OA2
weight %
50.70
1.62
15.38
11.29
0.17
6.28
11.83
2.37
0.489
0.159
100.28
ppm
26.3
195
13.1
1.8
2.5
17.8
205
100
283
262
54
101
123
9.5
29.7
% rel.dev.
0.0
0.4
0.0
0.1
0.0
0.4
0.0
3.6
0.3
0.4
% rel.dev.
1.4
0.0
1.4
115.9
27.5
2.5
0.2
1.8
0.2
0.9
0.3
0.6
0.1
0.4
1.6
BR1OA3b
weight %
48.84
2.20
13.98
14.65
0.19
6.17
10.90
2.65
0.623
0.211
100.41
ppm
32.5
177
19.9
0.7
3.1
21.2
188
53
373
155
61
126
151
9.9
21.4
std. dev.
14.8 0.1
0.5
9.6
0.9
0.0
1.6
0.7
0.4
0.3
0.8
ppm
34.6
184
10.1
0.9
1.7
20.7
194
38
416
161
81
130
155
10.5
30
ppm
28.7
192
10.2
2.1
3.1
18.3
201
64
292
191
50
111
130
10
24.7
% rel.dev.
0.0
0.3
0.0
0.1
0.8
0.4
0.0
2.7
0.1
0.2
% rel.dev.
0.3
0.7
0.5
121.4
7.6
0.6
0.1
1.3
0.3
0.8
3.6
0.5
0.0
2.1
2.2
std. dev.
13.0 0.2
std. dev.
15.3 0.3
Table 5: Central Broken Ridge (dredge 10) sample analyses
SiO2
TiO2
A1203
Fe203
MnO
,MgO
CaO
Na20O
K20
P205
total
BR10A4
weight %
50.73
1.59
15.46
11.30
0.17
6.39
11.88
2.29
0.467
0.155
100.43
XRF(Mo-tube J:
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tube.
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
ffA&
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na2O (wt%)
Hf
Th
Ta
Cr
Co
Sc
Cs
atOS
ZrfNb
(LalYb)N
% rel.dev.
0.3
3.7
1.0
0.1
0.0
0.8
0.3
42
0.6
1.3
% rel.dev.
0.6
0.7
4.0
62.5
22.7
40
BR1OA6
weight %
49.74
1.65
15.65
11.48
0.185
6.69
11.91
2.33
0.462
0.166
100.23
0
25.2
197
11.6
1.3
2.3
19.1
% rel.dev.
0.1
0.3
00
0.2
0.3
0.0
0.2
1 1
01
0.3
% rel.dev.
1.8
0.5
0.5
27.8
92
3.2
0.0
14.9
0.4
0.5
0.2
0.8
0.8
5.9
13.0
std. dev.
13.3 02
BR1OA5
weight %
50.21
1.68
15.47
11.20
0.18
6.35
12.00
2.35
0.444
0.155
100.02
ppm
25.5
197
9.7
1.9
4.2
19.1
208
85
274
267
50.8
102
118
8.9
23
std. dev.
12.7 0.4
205
88
289
263
57
108
118
9.3
24
% rel.dev.
0.2
1.0
0.3
0.1
0.0
0.2
0.0
1.7
0.0
2.4
% rel.dev.
0.5
0.2
0.0
51.4
38.3
0.0
0.4
1.3
1.0
2.0
1.8
0.6
0.2
3.2
10.8
BR1ODI
weight %
49.46
1.64
15.81
11.43
0.17
6.63
11.87
2.40
0.471
0.171
100.05
ppm
24.3
195
14.3
16
5.4
18.4
206
76
292
262
55
122
120
9.2
27.4
ppm
25.3
197
110
1.2
3.6
19.0
209
102
274
259
51
97
119
10.3
32
% rel.dev.
0.0
0.1
0.0
00
12
0.1
0.1
3.2
0.0
0.9
% rel.dev.
2.1
01
1 1
11.2
12.8
2.2
0.2
0.9
07
2.6
15
0.7
12
18
13.2
std. dev.
11 6 0.8
std. dev.
13.0 0.4
Table 5: Central Broken Ridge (dredge 10) sample analyses
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
total
% rel.dev.
0.0
0.0
0.0
0.1
0.3
0.0
0.0
1.2
0.0
0.4
% rel.dev.
0.4
0.3
45
123.9
32.5
3.3
BR1OD2
weight %
48.52
1.73
14.91
11.81
0.18
7.74
12.05
2.47
0.343
0.141
99.89
ppm
22.3
189
7.5
0.7
1.6
19.9
200
47
299
288
99
89
103
7
17.7
BR1OD3a
weight %
50.11
1 63
15.55
11.30
0.19
6.51
11.94
2.33
0.470
0.156
100.19
ppm
25.6
197
13.8
2.1
3.2
19.3
207
73
276
262
63
101
121
8.8
26.5
XRF(Mo-tube c
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tuber
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
La
Ce
Nd
Sm
Eu
Th1
Yb
Lu
Na2O (wt%)
Hf
Th
Ta
Cr
Co
Sc
Cs
Zr/Nb
(LalYb)N
% rel.dev.
0.2
0.8
0.0
0.3
0.0
0.2
0.3
2.8
0.1
1.3
% rel.dev.
0.1
1.0
1.4
31.4
4.2
3.1
10.46 1 1
25.3 2.8
14.6 8.2
3.7 1.4
1.322 1.7
0.7 8.6
2.37 3.0
0.363 4 1
2.2 0.9
2.98 4.7
1.49 10.1
0.5 14.0
268 1 1
46.8 0.6
41.2 0.5
1.52 10.5
std. dev.
13.8 0.5
3.06 0.13
BR1OD3b
weight %
49.10
1.68
15.89
12.00
0.23
6.32
12.00
2.43
0.529
0.173
100.36
ppm
26.0
201
18.9
0.4
2.5
18.3
211
73
292
264
50
123
122
9.6
27.1
% rel.dev.
0.1
0.4
0.1
0.0
0.2
0.3
0.0
1.6
0.1
0.9
% rel.dev.
1.2
0.1
2.3
151.9
90.3
0.9
0.3
8.0
0.1
0.8
0.1
0.8
0.2
1.4
8.4
10.61 1.0
25.3 2.8
15.3 85.0
3.81 1.6
1.349 1 6
0.65 9.2
2.45 2.4
0.371 4.0
2.29 0.9
2.97 4.7
1.54 10.4
0.54 13.0
276 1.1
45.2 0.7
42.4 0.7
1.99 8.5
std. dev.
12.7 0.2
3.00 0.10
M-D10-1
weight %
49.66
1.67
15.84
11.69
0.19
6.42
11.97
2.37
0.472
0.171
100.44
ppm
25.1
198
12.2
1.4
4.5
18.8
208.07
81.47
292.22
265.43
53.45
105.08
120.45
9.14
26.02
0.1
5.0
0.3
1.7
2.7
1.2
07
7.1
23.6
6 34 1.4
18.3 3.8
11.9 9.2
3.37 1.8
1 283 1.9
0.63 9 5
2.07 2.9
0.297 5.4
2.34 0.9
2.6 62
0.51 31.4
0.44 18.2
294 1.4
49.2 0.8
42.9 07
0.84 17.9
std. dev.
14.7 1 1
2.12 0.09
% rel.dev.
0.1
1.1
0.1
0.4
0.0
0.0
0.2
2.4
1.2
0.3
% rel.dev.
0.3
0.2
1.6
34.0
30.7
2.8
0.4
4.2
0.7
0.1
0.1
0.5
0.9
4.5
3.0
10.2
27.0
14
3.83
1.30
0.78
2.52
0.38
2.15
2.84
1.10
0.56
260
44.6
40.4
1.1
std. dev.
13.2 0.7
2.80 0.00
Table 5: Central Broken Ridge (dredge 10) sample analyses
M-DI0-2
weight %
50.14
1.63
15.64
11.11
0.17
6.11
11.85
2.31
0.482
0.153
99.57
% rel.dev.
M-D10-3
weight %
51.17
1.79
15.79
10.88
0.17
6.08
8.04
4.39
1.315
0.240
99.86
ppm % rel.dev. ppm
25.0 0.0 30.9
195 0.2 438
13.4 4.3 21.9
2.2 9.3 1.9
21.6 5.4 5.9
20.4 2.9 16.2
NOTE only one M-10D2 ME disk analyzed
452.58
323.98
282.12
181.71
56.74
105.09
135.17
10.32
23.7
202.71
89.16
285.21
290.45
55.52
99.38
118.07
9.26
23.78
XRFMo-tube .
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tubek
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na20 (wt%)
Hf
Th
Ta
Cr
Co
Sc
Cs
ZrINb
(La/Yb)N
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
total
11.5
29.0
14.9
4.11
1.48
0.71
2.94
0.43
3.93
3.08
1.70
0.52
175
48.2
41.3
11.5
std. dev.
13.1 0.6
2.71 0.00
% rel.dev.
0.0
0.2
0.0
0.0
0.3
0.0
0.1
1.0
0.1
0.6
% rel.dev.
1.1
0.1
0.7
50.8
10.2
8.0
0.2
0.8
0.4
0.1
0.4
0.6
0.3
4.5
21.1
10.4
24.9
12.8
3.83
13
0.66
2.52
0.38
2.2
2.82
1.3
0.51
265
48.3
39.8
0.65
std. dev.
12.8 1.2
2.86 0 00
Table 6: Naturaliste Plateau dredge sample analyses
NP-21
weight%
51.34
0.74
19.83
9.01
0.12
4.86
9.51
3.31
1.21
0.08
100.02
% rel.dev.
0.1
0.0
0.1
0.5
0.0
0.7
0.3
1.1
0.6
0.0
0.1
ppm % rel.dev.
14.7 0.5
151 0.3
13.7 0.4
16.9 1.4
155
58
149
329
72
159
32
0.8
8.9
NP-24
weight%
50.56
0.99
19.64
10.65
0.14
4.32
8.9
3.4
1.07
0.11
99.78
% rel.dev.
0.1
0.1
0.4
0.1
0.5
0.2
0.4
2.4
0.0
0.6
0.2
NP-25
weight%
50.48
0.99
19.7
10.69
0.16
4.3
8.81
3.35
1.07
0.11
99.67
ppm % rel.dev.
16.4 1.2
163 0.2
20 0.8
19.9 3.3
169
30
209
369
106
176
46
1.2
9.4
XRFfMo-tuibe
Y
Sr
Rb
Th
Pb
Ga
XRF(Au-tube .
Sr
Ba
V
Cr
Ni
Zn
Zr
Nb
Ce
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Na20 (wt %)
If
Th
Ta
Cr
Co
Sc
Cs
ZrlNb
(LalYb)N
ppm
17
166
19.6
19.5
170
34
216
385
112
180
46
1.2
10
0.1
4.5
0.4
1.0
0.2
0.4
0.4
4.2
25.0
2.49 2.0
5.2 7.7
5.5 10.9
2.09 1.9
0.882 2.0
0.46 10.9
1 65 3.0
0.243 4 9
3.18 0.9
1.24 8.9
nd na
nd na
353 0 8
39.4 0.8
33.14 0.5
0.86 11.6
std. dev.
38.3 1.8
1.04 0.05
% rel.dev.
0.0
0.4
0.0
0.1
0.4
0.1
0.0
0.2
0.1
1.3
0.0
% rel.dev.
2.48 2.4
5.5 73
5.8 10.3
2.12 1.9
0.907 2.0
0.53 9.4
1.74 1.7
0.25 5.2
3.2 0.9
1.28 7.0
nd na
nd na
372 1.1
43.7 0.7
33.73 0.5
0.83 12.0
std. dev.
38.3 3.4
0 99 0.04
NP-1
weight%
50.34
0.63
20.58
7.9
0.11
5.24
10.65
3.74
0.46
0.06
99.7
% rel.dev.
0.2
12
0.0
0.0
0.6
0.7
0.1
0.6
0.3
46
0.0
ppm % rel.dev.
12.7 2.1
187 0.1
5.4 3.4
17.6 0.8
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
total
1.5 3.3
4.5 8.9
3.7 13.5
1.61 1.9
0.714 2.2
0.415 14.5
1.45 4.1
0.221 5.9
3.09 1.0
0.84 10.7
nd na
nd na
334 0.9
30.7 0.7
28.73 0.5
0.29 27.6
std. dev.
40.0 1.5
0.72 0.05
188
nd
145
336
72
119
27
nd
7.6
13
na
2.6
4.1
0.0
00
0.7
na
15.9
0
0
1.35 3.7
3.64 8.5
3.34 11.7
1.34 3.0
.627 2.1
0.3 13.3
1 21 2.5
.194 5.2
3.65 1.1
0.74 9.5
nd na
nd na
368 1.1
29.3 0.7
29.4 0.3
0.17 41.2
std. dev.
0.77 0.05
Table 7: Broken RidgelNaturaliste Plateau isotope results
BR M-D8
unleached leached
BR 8El-a
unleached leached
BR MI)9-3
unleached leached
BR MDIO-1
unleached leached
0.512468
-3.4
25 330
5 904
3.270
309.8
0 70737
0 512530
-2.1
4 324
1 538
0.483
352.6
0 70729
17.982
15 625
39.059
0 70734 0.70730
0.51239 0.51240
0 512494
-2.8
15.810
4 558
6.030
131.1
0.70724
17 997
15 650
39.273
2.94
0 70709
0.51239
measured:
143NdI144Nd
epsilon-Nd(0)
Nd
Sm
Rb
Sr
87Sr/86Sr
206Pb204Pb
207Pb204Pb
208Pbl204Pb
Pb ppm
calculated."
87SrI86Sr(t)
143Nd/144Nd(t)
206Ph/204Pb(t)
207Pb204Pb(t)
208Pbl204Pb(t)
3 440 .
114.1
0.70712
0.70702
0.512672
0.6
16 220
4 428
6.430
217.1
0 70471
0.512720
1.6
5 318
1.809
2.960
237.1
0 70455
18.128
15 513
38 453
0.54
0.70461 0.70451
0.51258 0.51260
17.740
15.638
39.003
17.871
15.501
38.183
0 512491
-2.9
14.810
3.931
11.480
202.1
0 70606
0.512552
-1.7
3.223
1.284
0.820
156 1
0 70591
18.002
15.543
38.879
0.27
0.70588 0.70589
0.51240 0.51241
17.745
15.531
38.609
89 Ma 89 Ma 89 Ma 89 Ma 89 Ma 89 Ma 89 Ma 89 Ma
(numbers in bold type are those used in figures)
17.725
15.613
38.736
where t =
Table 7: Broken RidgelNaturaliste Plateau isotope results
BR MDIO-3
unleached
0 512511
-2.1
16.170
4.338
21.830
443.6
0 70575
leached
0.512557
-1.6
3 573
1.455
3.790
187.1
0 70557
17.473
15.614
39.223
0.1
0 70557 0.70550
0.51242 0.51241
measured.:
143Ndi144Nd
epsilon-Nd(0)
Nd
Sm
Rb
Sr
87SrI86Sr
206Pbl204Pb
207Pb/204Pb
208Pb1204Pb
Pb ppm
calculated:
87Srl86Sr(t)
143Ndl144Nd(t)
206Pbh204Pb(t)
207Pbl204Pb(t)
208Pb/204Pb(t)
where t = 89 Ma 89 Ma
BR 101)2
unleached
0 515800
31
12 040
3 521
7.510
190.7
0.70412
18.249
15.498
38 398
0.67
0.70399
0.51270
leached
0.643
125.900
0.704
0.70392
NP21
unleached leached
0.512881
4.7
3.014
1.289
11.550
168.3
0.70473
17.982
15.530
37.757
0.42
0 512973
6.5
0.765
0.436
9.180
133.0
0.70422
17.960
15 517
37.694
0.18
0.70439 0.70398
0.51268 0.51270
17.992
15.486
38.128
89 Ma 89 Ma
NP 24
unleached leached
0.512898 0.512971
5.0
1 576
0 717
13.830
166.4
0.70432
6.5
0.817
0 466
7.380
156.9
0.70414
17.849
15 513
37.674
0.33
0.70390 0.70391
0.51268 0.51270
17.612
15500
37.330
120 Ma
17.501
15.496
37.310
120 Ma
(numbers in bold type are those used in figures)
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Figure 1: Map view of current eastern Indian Ocean floor, showing DSDP (open triangles) and ODP
(black circles) drill sites through Leg 121 (from Peirce and Weissel, 1989, p.26).
Approximate locations of Broken Ridge dredges 8, 9, 10 and the Naturaliste Plateau are also
indicated.
Figure 2: Detailed views of Broken Ridge and Kerguelen Plateau. (a) Tectonic summary map,
showing Broken Ridge and Naturaliste Plateau in upper frame, and Kerguelen Plateau in
lower (from Royer and Sandwell, 1989). Locations of Broken Ridge dredges 8, 9, 10 and
the Naturaliste Plateau are indicated by diamonds. (b) Seismic reflection profiles for Broken
Ridge and Kerguelen Plateau (from Mutter and Cande 1983).
Figure 3: Simplified plate tectonic reconstruction of SE Indian Ocean. (a) Ancient Kerguelen
hotspot, shown throughout by black triangle, is located beneath SW Australia (below
Bunbury Basalts). (b) Hotspot has progressed from SW corner of Australia (on formation
of Naturaliste Plateau) to beneath India (forming &ajmahal Traps). (c) Kerguelen Plateau has
formed, as India begins northward migration. (d) Incipient spreading of SE Indian Ocean
Ridge rifts Broken Ridge apart from KP; rapid northward movement of Indian plate results
in Ninetyeast Ridge (90ER) formation as a hotspot trace. (e) Rapid spreading of SE Inddian
Ocean ridge begins. (f) Current geometry of SE Indian Ocean, showing current hotspot
locations at KP and Amsterdam/St. Paul Islands. Also shown are the Naturaliste fracture
zone and the Diamantina fracture zone (from Price, et al., 1986).
Figure 4: Schematic map of southern Ninetyeast Ridge and Broken Ridge, indicating possible wind-
borne transport of ash from mantle plume fixed relative to western end of Broken Ridge, as
Ninetyeast Ridge forms on rapid northward migration of Indian plate over the hotspot.
Prevailing winds could transport ash to be deposited as the glass shards found in
sedimentary pile atop Broken Ridge, as at site 752, ODP (from Peirce and Weissel, 1989, p.
525).
Figure 5. Summary stratigraphic column of Site 752, ODP (from Peirce and Weissel, 1989, pp.
117-118). Broken Ridge glasses analyzed for major elements in the current study are from
cores 13X - 16X, 20X - 24X, 27X - 29X, and 32X. Core 27X contains a grain with
coexisting glass and clinopyroxene, and core 28X contains a glass with microphenoocrysts
of Clinopyroxene, olivine and plagioclase (cores with glasses analyzed in the current study is
circled in this diagram.)
Figure 6: Major element variation diagrams. (a) Igneous nomenclature and MgO versus alteration
indicator ratios K20/P205 and KIRb. (b) MgO versus typically incompatible elements TiO2,
P205, Na20, K20. (c) MgO versus CaO and A120 3. (d) MgO and Sr versus CaO/A120 3. (e)
MgO versus transition elements Sc, Co, Ni, Zn. (f) MgO versus trace elements V, Y, Cr,
La. (g) MgO versus (La/Yb)N.
Figure 7: La versus other elemental abundances. (a) La versus K20, P20 5, Rb, Ba. (b) La versus
Sm, Sr, Th, Ta. (c) La versus Hf, Y, Zr; Zr versus Hf. (d) La versus Nb, (La/Yb)N.
Figure 8: Downhole geochemical variations for averaged major element analyses of Broken Ridge
glasses.
Figure 9: CI chondrite-normalized rare earth element patterns for (a) Broken Ridge glasses 14 and
27, and (b) Broken Ridge/Naturaliste Plateau dredge basalts (chondritic abundances from
Anders and Grevesse, 1989).
1I~III-D.~--XI-C-I-I.^--.-l_.~~l
Figure 10: Indian Ocean isotopes: (a) 87Sr/86Sr versus 143Nd/144Nd; (b) 208pb/204pb versus
206Pb/204Pb; (c) 207Pb/204Pb versus 206pb/204pb. (Leg 121 data are from Weis et al.,
1991b; Kerguelen Island from Weis et al., 1991a [LVLK], Storey et al., 1988; Kerguelen
Plateau from Davies et al., 1989, Salters, 1989; Indian Ocean MORB from Price et al.,
1986, Hamelin et al., 1985/86, Hamelin and Allegre, 1985; St. Paul/Amsterdam from
Dosso et al., 1988, Hamelin et al., 1985/86, Michard et al., 1986)
Figure 11: Projection of Broken Ridge glasses and representative oceanic basalts from plagioclase
onto olivine-diopside-silica plane of basalt tetrahedron. (Projection as in Tormey et al.,
1987; FAMOUS data from Stakes, et al., 1984; Hawaiian basalt data selected from BVSP by
Wilson, 1989.)
Figure 12: (a) Comparison of rare earth element patterns and abundances for Indian Ocean basalts.
(b) La versus (La/Yn)N for Indian Ocean basalts. Leg 121 data from Frey et al., 1991;
Indian ocean MORB from Dosso et al., 1988, Michard et al., 1986, and Price et al., 1986;
Kerguelen Island from Storey et al, 1988 and Gautier et al., 1990; Kerguelen Plateau from
Alibert, 1991, and Davies et al., 1989.)
Figure 13: Primitive-mantle normalized plots for (a) Broken Ridge glasses 14 and 27, and (b)
Broken Ridge/Naturaliste Plateau dredge basalts.
Figure 14: Trace element ratio variations: (a) La versus Ba/La and Na/Nb; (b) Ce versus La and
Ce/Nb; (c) La versus Sr/Nd and Hf/Sm; (d)La versus Ti/Eu and P/Nd (chondritic/E-MORB
values from Sun and McDonough, 1989).
Figure 15: Source region and mixing model implications of trace element ratios variations: (a) Zr/Nb
versus Y/Nb and Hf/La versus Sm/La; (b) La/Nb versus Ba/Nb and Zr/Nb versus (La/Yn)N;
(c) La/Ta versus Nb/Ta and La/Ta versus Th/Ta (La/Nb-Ba/Nb sediment vector in fig. 15b
from Thompson et al., 1984 [composite pelagic sediment 487 CS, from atop DSDP Leg 676
basalt]; other sources as in figure 10).
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